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Permeated throughout the ocean floor and arctic permafrost, natural gas hydrates contain 
an estimated 3000 trillion cubic meters, over three times that of traditional shale deposits, 
of CH4 that is accessible for extraction.  Gas hydrates form a crystal structure in which 
water molecules form a cage network, the host, through hydrogen bonds while trapping a 
guest molecule such as CH4 in the cavities.  These compounds form naturally where the 
appropriate low temperature and high-pressure conditions occur.  A promising and tested 
method of methane recovery is through exchange with CO2, which energetically takes 
place of the methane when pressurized into hydrate deposits.  When CH4 is replaced with 
CO2 in the hydrate structure, the stability temperature is increased.  Currently, hydrate 
deposits are at risk of releasing CH4,, and potent greenhouse gas, into the oceans and 
atmosphere.  Recovery of CH4 via CO2 exchange presents natural gas hydrates as a 
potential fuel source and carbon sequestration medium while mitigating the risk of CH4 
release.  This work studies the molecular level structure and properties of gas hydrates 
with CH4, CO2, and a mixture of CH4 and CO2 occupying the cage structure in order to 
better understand how CO2 stabilizes hydrates, the effectiveness of altering a deposit with 
a mixed CH4-CO2 result, and how each guest molecule type affects interactions in the 
hydrate framework.  A combined approach of computational simulations and neutron 
scattering is used to characterize how altering the guest molecule composition with CH4 
and CO2 impacts the guest-host, host-host, and guest-guest interactions in hydrates.  
Carried out over temperature ranges, this work provides insight to show that in mixed 
CH4-CO2 and pure CO2 hydrate structures the CO2 guest interacts strongly with the 
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Clathrate hydrates are crystalline inclusion compounds in which water molecules form a 
hydrogen bonded cage structure that can be occupied by a variety of guest molecules.  
This water lattice is commonly referred to as the host, while its occluded molecules are 
the guests.  Water in the presence of a gas such as CH4, under the high pressure and low 
temperature environment of the ocean floor and subsurface permafrost, forms gas 
clathrate hydrates in natural deposits.1 Estimates predict that natural gas hydrates contain 
over three times the harvestable natural gas that is accessible by current conventional and 
shale sources.2  While CH4 is the primary guest molecule in these natural deposits, H2S 
and CO2 are also commonly present in small percentages during formation and are also 
occluded in the host framework.  A variety of other molecules can form clathrate 
hydrates, such as CO, N2, Xe, Ar, C2H6, C3H8, and H2.  In most cases, the cages will hold 
up to one molecule but not all cages must be occupied, as gas hydrates are non-
stoichiometric compounds.  Formation temperature, pressure, and guest molecule size 
dictates the clathrate hydrate crystal structure, occluded guest composition, and 
occupancy.1   
Structure of clathrate hydrates 
Gas hydrates form three primary crystal structures- two cubic structures, sI and sII, and a 
hexagonal, sH, shown in Figure 1-1.  The hexagonal structure has a composition of 
6X•34H2O (where X represents the guest molecules) when fully occupied, is formed by 
three cage types, and its approximate lattice parameters a and c are approximately 12 and 
10 Å, respectively.  The hexagonal structure has three pentagonal dodecahedral cages 
which are denoted as 512 (12 pentagonal faces), two irregular dodecahedrons (435663), and 
one large, oblate, icosahedral cage (51268).  Due to the variation of cage sizes, sH 
formation requires two differently sized guest molecules.  The smaller cages, 512 and 
435663, can occlude smaller molecules such as CH4 or H2S, but the large cage is generally 
occupied by larger molecules.  The molecular size occupying both sI and sII hydrates 
must be between 3.5-7.5 Å.1  Though they are not abundant, sH hydrates have been 
discovered in natural deposits.  Most natural hydrates form either of the cubic structures, 
but the pressure and temperature conditions in which CH4 hydrates form on earth 
primarily produce sI.  With a fully occupied composition of 8X•46H2O, the sI hydrate 
unit cell parameter is approximately 12 Å and the host lattice has two 512 dodecaheral and 
six 51262 tetrakaidecahedral cages.  This hydrate can occlude a single guest type or more 
than one guest in both cage types, such as a CH4-CO2 solid solution.  Structure I guest 
molecules include CH4, CO2, ethane, cyclopropane, and Xe.  The sII cubic hydrate 
structure has a larger disparity in its two cage sizes and is a larger unit cell than sI where 
a is approximately 17 Å and, if fully occupied, a composition of 24X•136H2O.  The sII 
host lattice is formed by eight 51264 hexakaidecahedral cages and sixteen 512 
dodecahedral cages.  CH4 can also be hosted in this structure under formation conditions 
with higher pressure and lower temperature than required for sI hydrates.  When CH4 and 
ethane are both present during formation, sII hydrate occurs, despite the fact that the 
individual guests more readily form sI hydrate.  The 51264 cage is large enough that 
multiple guests can occupy one cage, primarily smaller guest molecules such as N2, H2, 
and O2.  Until recently, empty hydrate structures were through to be unstable and were 
not considered possible.  Structure II hydrate, however, can be maintained when all 
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guests are removed.  This phase, called ice XVI, is formed by carefully evacuating the Ne 
guest from sII hydrate until all cages are unoccupied.3  As gas hydrates are continually 
being studied and manipulated, evidence grows that hydrate structure and properties are 
highly impacted by formation conditions and guest composition.   
Applications for gas hydrates 
Gas hydrates play roles as both a promising resource and undesirable occurrence in the 
energy industry.  The first industrial interest in gas hydrates was discovered by 
Hammerschmidt in 1934, when he determined that hydrates were responsible for the 
blockage of oil pipelines in Canada.1  Previously, the first documented hydrate was Cl 
hydrate, observed in the laboratory by Sir Humphry Davy in 1811.1,4,5  It is possible that 
an even earlier discovery was made by in 1778 by Priestly, who formed compounds by 
freezing SO2 with water.  These are believed to be clathrates but the documentation is 
uncertain.  After Davy’s discovery, the first solid solution hydrates of mixed CO2 and 
PH3 and mixed H2S and PH3 gas were formed by Cailletet and Bordet in 1882.  Finally, 
methane, ethane, and propane hydrates were discovered by Villard in 1888.1  Since the 
discovery by Hammerschmidt of hydrate formation in oil pipelines, it was not until 1965 
that the natural geological formation of gas hydrates was recognized.1,5  At this time, they 
were discovered in permafrost in present day Russia; shortly after, natural gas hydrates 
were predicted and discovered in oceanic deposits.  Over the years estimates of the total 
amount of natural gas contained and the amount of recoverable energy in hydrates has 
varied greatly.  Understanding of the factors of natural hydrate formation in addition to 
ongoing expeditions to detect deposits has caused the valuation of this energy resource, 
which was 20,000 trillion cubic meters (TCM) in the 1990s, to decrease to 3000 TCM.  
This recent estimate, however, is still an order of magnitude greater than current 
accessible gas from conventional and shale sources which combined can only provide up 
to 860 TCM.2  To date, natural gas hydrates are of great concern to the energy industry 
due to this potential as a resource and the pipeline issues they create.  Prevention and 
management of hydrates which still form in the gas pipeline conditions, seen in Figure 1-
2, is an ongoing driver of hydrate research.  Offshore disasters can be impacted by 
formation of hydrates as well, as in the 2010 blowout of the Macondo well in the Gulf of 
Mexico.  In this occurrence, the temperature and pressure at the deep water well caused 
hydrates to form from the leaking oil and gas plume, resulting in the failure of the initial 
attempt to stop the leak with a 100-ton cap.5   
 
Fuel is recovered from gas hydrates via three primary methods; thermal stimulation, 
depressurization, and gas exchange.  Thermal and depressurization recovery depend on 
altering the temperature or pressure of the ocean floor hydrate deposits to initiate 
decomposition and the release of methane for collection.  These methods, however, 
involve the dissociation of large portions of the seafloor, the strength and environmental 
impact of which is not understood.  The third approach to obtain CH4 from gas hydrate 
deposits employs the exchange of CO2 to maintain the hydrate.  Since CO2 is an 
energetically preferred guest molecule in sI hydrate, it will readily exchange with the CH4 





Figure 1-1. Illustration of the cage types that form the sI (top), sII (middle), and sH 





Figure 1-2. A plug of gas hydrate recovered from a subsea pipeline (courtesy of 
























From 2011-2012 the Ignik Sikumi Gas Hydrate Exchange Field Experiment was 
conducted in Prudhoe Bay on the Alaskan North Slope to determine the feasibility of a 
CO2-CH4 exchange in hydrate bearing sand reservoirs.  The test found that the CH4-CO2 
exchange did occur in the hydrate sediment, that mixed hydrates formed, but a complete 
CH4 recovery was not achieved.  More modeling and laboratory experiments on a range 
of scales would be required for further utilization of this method.7  
CH4 and CO2 gas hydrates 
Recovery of CH4 via CO2 exchange is made possible by the more favorable 
thermodynamic properties of CO2 in hydrate.2,7  Even though CH4 and CO2 molecules 
differ in size and shape, both can occupy the same hydrate structure (sI) and can form a 
solid solution where both molecules occupy the cages in the same crystal.8  Despite the 
fact that the crystal structure is maintained when CO2 replaces CH4, CO2 hydrate has a 
lower pressure and higher temperature of stability, a slower decomposition rate, and a 
smaller lattice constant from 2 to 180 K.9  Predictive thermodynamic models by the 
CSMHYD program, shown in Figure 1-3, also demonstrate the pressure-temperature 
stability variation for the CH4-CO2 hydrate solid solution in seawater.  The shallowest 
oceanic hydrates (i.e., lowest pressure) occur at 500 m deep where the water temperature 
is ~4 °C.1  This is the edge of the stability region for a CH4 hydrate, but a hydrate with an 
empirical composition of 0.75(CH4) •0.25(CO2) •5.75(H2O) would extend the stability 
temperature at the same depth.  Replacing even a small portion of the CH4 in sI hydrate 
with CO2 has the potential to improve the stability of hydrate deposits.  Circone et al. 
demonstrated that when both CH4 and CO2 hydrate are heated isobarically from 210 K, 
20 K above the CH4 hydrate decomposition temperature, the CO2 hydrate decomposes at 
a much slower rate than CH4 hydrate.  Decomposition is measured via measured release 
of gas, plotted in Figure 1-4, and at 22 K above its decomposition temperature CO2 
hydrate releases only 3% of its gas while 95% of the CH4 was released from hydrate at 25 
K above the CH4 hydrate stability temperature.10  Further investigations of guest 
dependent decomposition behavior have shown that both CH4 and CO2 hydrates exhibit 
anomalous preservation, but at different rates and temperature regions.11,12  With 
warming temperatures and the potential of human interference with hydrate deposits, this 
guest-dependent thermodynamic behavior is important to understand.   
 
The crystal structure, or long-range order, of CH4 and CO2 hydrate has been well 
characterized with X-ray10-15 and neutron diffraction.8,9  Lattice expansion studies show 
that from low temperature to ~190 K, CO2 hydrate has a smaller lattice parameter than 
CH4 hydrate, demonstrated in the expansion model plotted in Figure 1-5.9  This may be 
counterintuitive since the CO2 CO2 molecule has a diameter of 5.12 Å, larger than CH4 
which is 4.36 Å.  These relative lattice parameters indicate that there are important 
structural and dynamic properties of CH4 -CO2 hydrates to investigate.1,8,9  The sI unit 
cell, shown in Figure 1-6, has 𝑃𝑚3𝑛 symmetry.  This model represents the 46 water 










Figure 1-4. Observation of CH4 and CO2 hydrate decomposition rate inferred from 





This means that the host lattice, following ice rules, has 685,686,200 possible 
orientations.13  CH4 and CO2 guests in the cages are also represented in the crystal model 
as a single carbon atom with either the H or O as having many partial positions to 
represent the disordered orientations that the unbonded gas molecules may take as they 
are nearly freely rotating in the cages.  Crystal structure analysis with neutron diffraction 
has shown that the CH4 orients in a sphere in both the dodecahedral (small cage) and 
tetrakaidekahedral (large cage) in Fourier difference maps by Everett et al., in Figure 1-7.  
The CO2 molecule, however, occupies an oblate shape in the large cage but does not 
prefer movement in a specific orientation in the small cage.  This analysis held for the 
two molecules in CH4-CO2 solid solutions also shown in the Fourier difference maps in 
Figure 1-7.8 Though crystal structure characterization is an important material property, it 
is a description of the average structure and neglects local disorder.16  The range of 
rotational freedom of guest molecules suggested in Figure 1-7 and the multiple partial 
occupancies required to describe sI hydrate as a crystal in Figure 1-6 imply that a great 
deal can be learned about CH4, CO2, and mixed CH4-CO2 hydrates from local structure 
and disorder characterization.  This local disorder also suggests that dynamic studies of 
gas hydrates are also important.  Previous dynamic experiments and simulations agree 
with the structural analysis that CO2 is more constrained to an oblate shape in the hydrate 
lattice while CH4 is freely rotating in the cages.17-19  Vibrational spectroscopy is a 
valuable complement to structural analysis of gas hydrates because intermolecular 
interactions dominate the crystal structure, and there are no published investigations of 
the impact that mixing CH4 and CO2 in sI hydrate has on the guest and host molecule 
dynamics.  Likewise, the few published experiments which characterize local structure in 
gas hydrates did not achieve the resolution required for quantitative analysis of short-
range H2O, CH4, and CO2 interactions.20,21   
The Pair Distribution Function 
The radial distribution function, 𝑔(𝑟), is a probability density function which describes 
the likelihood of a particle being at a distance r from another particle.  The limits of 𝑔(𝑟)  
are as 𝑟 → ∞ , 𝑔 → 1.  This may also be described as 
∫ 𝜌𝑔(𝑟)4𝜋𝑟 𝑑𝑟 = 𝑁 ≈ 𝑁 − 1 Eq. 1 
so that at long distances the probability that a particle with be at a distance r with another 
particle is 1.16,22  Radial distribution functions of atomic systems can be calculated from a 
model generated with an atomistic simulation and measured experimentally.  This 
function is also more generally referred to as the pair distribution function, or PDF.16  
Measuring the Pair Distribution Function Experimentally with Neutron Diffraction 
A discussion of measuring the pair distribution function must begin with Braggs’ Law.  
In 1913, William Lawrence Bragg developed the relationship  
𝜆 = 2𝑑 𝑠𝑖𝑛 𝜃 Eq. 2 
for X-rays diffracted by a crystal, where 𝜆 is the known incident X-ray wavelength and 𝜃 
is the measured angle of the diffracted X-rays.  Bragg’s Law enables the calculation of 




Figure 1-5. Lattice expansion of CH4 and CO2 hydrate.  CO2 hydrate has a smaller 







Figure 1-6. Structure I CH4 hydrate unit cell uses partial occupancies to represent 





Figure 1-7. CH4 and CO2 nuclear densities in the large cages (a) and small cages (b) 
from Fourier difference maps by Everett et al.8  Cyan represents the negative 




In a diffraction experiment, the locations of the diffraction peaks allow for the 
determination of the crystal unit cell shape (crystal system), symmetry, and atomic 
positions via the measurement of all interplanar spacings.  The intensity of the diffraction 
peaks relates to the atomic species which form the scattering planes.  In X-ray diffraction, 
the incident light is scattered by electrons.23  Therefore, the scattering intensity of X-rays 
by an atom is proportional to atomic number.  Gas hydrates are composed of light 
elements (O, H, and C), therefore neutron diffraction is a more appropriate tool.  While 
Braggs’ Law still applies in neutron diffraction, the incident wavelength is a neutron 
beam, which interacts with the atomic nuclei instead of the electrons.  The peak locations 
have the same relationship as in X-ray diffraction, but the intensity is determined by the 
sum of the coherent neutron scattering lengths of the scattering atoms.24  Table 1-1 lists 
the coherent and incoherent neutron scattering cross sections for C, H, and O.  Due to the 
incoherent scattering of H1, it is important to use isotopic substitution for coherent elastic 
scattering.  Neutron diffraction intensity is measured as a function of momentum transfer, 
Q, where 
 
𝑄 = 𝑘 − 𝑘  Eq. 3 
 
and 𝜃 is the angle between 𝑘  and 𝑘  and there is no energy transfer.24  This 
measured reciprocal space function is  𝑆(𝑄), which provides a measured real space 
function when Fourier transformed.16  This function, 𝐺(𝑟), is very similar to 𝑔(𝑟) and is 
defined as 
 




𝐹(𝑄) = 𝑄(𝑆(𝑄) − 1)  Eq. 5 
 
so that the limit as 𝑟 → ∞ 𝐺(𝑟) oscillates around 0.  An ideal 𝐺(𝑟) would be produced 
from an infinite 𝑄 , however, this is not experimentally feasible. A quality PDF 
measurement will collect to a large enough 𝑄 , or wide angle range, that 𝑆(𝑄) will go 
to unity at high 𝑄.16   
Vibrational Spectroscopy with Neutrons 
When neutrons are incoherently scattered, all interference with the crystal is destroyed 
and scattering cross section is isotropic.  Inelastic scattering occurs when the neutrons 
exchange energy with the sample, and the study of molecular vibrations with neutrons is 
made possible by inelastic scattering from incoherent systems.24,25  The incoherent 
scattering lengths listed in Table I demonstrate that 1H has a massive incoherent 
scattering length.26  At high momentum transfers, all scattering involves a recoil and 
energy exchange with the scattering body.  This response allows for the incoherent 
approximation, where all scattering can be treated as incoherent and the total scattering 
cross section is used to calculate the vibrational spectra.  While this incoherence is 
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undesirable for diffraction studies, it can be well utilized for spectroscopic studies of CH4 
and CO2 hydrates.18,19,25  Inelastic neutron spectroscopy (INS) is costlier than similar 
laboratory-scale optical techniques like Raman and infrared, but one of its main 
advantages is its sensitivity to hydrogen.  Optical spectroscopy generally interacts with 
electrons and therefore is more sensitive to heavier atoms.  Hydrogen has an incoherent 
scattering length ~10 times stronger than other atoms, making INS uniquely appropriate 
for studying gas hydrates.  Additionally, INS spectra are not subject to elimination rules 
that occur in optical spectroscopy and all vibrations are theoretically measurable with 
neutrons.  Since the spectral intensities are produced by nuclear displacements of the 
scattering atom, they are simple to model and analyze from either classical dynamics or 
ab initio calculations.25  
Purpose 
The goal of this research is to carry out structural and dynamic experiments and 
simulations to develop a better understanding of the intermolecular interactions in CH4, 
CO2, and CH4-CO2 hydrates.  As gas hydrates are a growing concern for both energy and 
environment, these atomic and molecular scale interactions are important to understand 
for informing predictive models of how hydrates will react and sustain under human 
manipulation and changing environmental conditions due to climate change.  This thesis 
uses a combination of computational simulation studies and neutron experiments to 
investigate structural and dynamic properties of sI CH4, CO2, and mixed CH4-CO2 
hydrates.  Classical molecular dynamics (MD) simulations and in situ low temperature 
neutron total scattering PDF experiments (Chapters II and IV) analyze local structure and 
disorder over CH4-CO2 hydrate compositions at 10 K.  This analysis is expanded with in 
situ low temperature neutron PDFs from 2-270 K in order to characterize the impact of 
guest composition on guest-host interactions and the hydrate framework through high 
temperature (Chapter V).  Hydrate dynamics can be inferred from the temperature 
dependent in situ nature of the PDF experiments, but are directly studied with molecular 
rotation analysis of MD simulations (Chapter III) and in situ low temperature vibrational 















Table 1-1. Neutron scattering cross sections for H isotopes, O, and C.25,26  
Isotope Coherent cross section 
(barn) 
Incoherent cross section 
(barn) 
Total cross section 
1H 1.7583 80.27 82.03 
2H 5.592 2.05 7.64 
16O 4.232 0.0001 4.232 
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CHAPTER 2  
GUEST-HOST INERACTIONS IN MIXED CH4-CO2 HYDRATES: 
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Abstract 
Classical molecular dynamics simulations of mixed CH4-CO2 gas hydrates provide a 
thorough analysis of the energetics of both pure CH4 and CO2 hydrates and three 
intermediate compositions along the (CH4)1-x (CO 2)x·5.75(H2O)  solid solution.  The 
energy is broken into guest-guest, guest-host and host-host contributions.  Radial 
distribution functions (RDFs) and three-dimensional density distributions provide insight 
into the changes in guest orientation and interactions with the host framework as a 
function of guest composition.  Both energetic and structural analyses provide 
complementary information to previous experimental studies of the system. The 
experimentally observed isotropic orientation of CH4 molecules in both small and large 
cages is confirmed and the description of the anisotropic orientation of CO2 molecules in 
the large cage is confirmed and further enhanced.  In mixed hydrates, the presence of 
CH4 alters the orientation of CO2, an indication that the interactions between guests, 
either direct (guest-guest), or mediated through interactions with the host (host-guest), are 
an important phenomenon in these systems. 
Introduction 
Gas hydrates occur in ocean floor and sub-surface permafrost deposits and are stable at 
moderate to high pressures and low temperatures.1-4 This clathrate structure is composed 
of hydrogen bonded water molecules that can accommodate a wide variety of guest 
molecules.4  Hydrate deposits are being studied to develop their potential as a future 
energy source.   Naturally occurring hydrates contain CH4, which may be harvested for 
fuel.1,5  Recent estimates predict that hydrates contain 3000 trillion cubic meters (TCM) 
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of harvestable natural gas, compared to conventional and shale sources that contain 600-
850 TCM.1 A variety of molecules other than CH4 such as CO2, CO, N2, Xe, Ar, C2H6, 
C3H8, H2S, and H2,3,4,6,7 can be occluded but CO2 is the most relevant guest molecule to 
study for CH4 harvesting, as it has been shown to exchange with CH4 in the hydrate 
structure in both laboratory and field experiments.4,5,8,9  This makes gas hydrates a 
potential medium for CO2 byproduct sequestration while obtaining new fuel sources.1   
Gas hydrates form in three crystallographic structure types depending on pressure, 
temperature and the guest molecule: sI and sII which are cubic, and the hexagonal sH.  
The sI and sII crystal structures have lattice parameters of approximately 12 and 17 Å, 
respectively.4,5,9  These hydrate structures are considered clathrates, which are solid 
inclusion compounds.  In the clathrate hydrate case, the host framework is composed 
entirely of water molecules that form cages held together by hydrogen bonds.  These 
cages can trap up to one guest molecule each for sI hydrate and two gas molecules in 
some sII cases.  CH4 can be occluded in both sI and sII, but at the pressure and 
temperature conditions where hydrates form on earth, sI is the primary CH4 hydrate 
structure.3,5,9-12  When CO2 is the guest molecule it forms sI, and a complete solid 
solution of (CH4)x(CO2)1-x can exist between pure CH4 hydrate and pure CO2 hydrate.4,5  
Figure 2-1a shows one unit cell with Pm-3n symmetry, where we see that the host 
framework is constructed of eight cages occupied by CH4.  A high level of disorder arises 
in the crystal from these partial occupancies and guest molecule motion within the cages, 
making gas hydrates a complex structure to characterize.  The symmetric unit cell is 
comprised of H atoms both in the H2O and CH4 molecules with partial occupancies due 
to the many possible proton configurations of the water framework and the rotational 
motion of the gas molecule in the cages, respectively.12,13  Water molecule orientations of 
the host lattice follow ice rules and are locked in at low temperatures but will rotate 
around the O and flip orientations at higher temperatures.12  Guest molecules such as CH4 
and CO2 rotate in the cages with varying degrees of freedom.12,13   
 
The two cage types in Figure 2-1 b share faces to form the sI unit cell.  There are two 
dodecahedral (twelve pentagonal sides, 512 ) small cages (SC) which fill space between 
the six packed tetrakaidekahedral (twelve pentagonal and two hexagonal sides, 51262) 
large cages (LC).  Each cages holds up to one guest molecule and both cages can hold 
either CH4 or CO2 in the same host framework.4,5,9,14  The chemical composition of 
mixed CH4-CO2 gas hydrates can be described by (CH4)1-x (CO 2)x·5.75(H2O) when the 
cages are fully occupied, but cage occupancy depends on formation conditions, 
stipulating that gas hydrates are often non-stoichiometric.5 As a molecule with a 
permanent quadrupole moment, CO2 has stronger interaction energy with both cages than 
CH4 and is the thermodynamically preferred guest and exchanges with CH4 when 
pumped into hydrate deposits.1,5,6,9,13,15  Computational studies and experiments have 
both shown that CO2 hydrate is stable at higher temperatures and lower pressures than 
CH4 hydrate.  At an ocean depth of 500 m, where the isotropic pressure would be 5 MPa, 
where hydrates formed the stability temperatures are 277 K for CH4 hydrate and 282 K 
for CO2 hydrates.3  This implies that with the addition of CO2 in the hydrate structure, 
stability pressure can be decreased and/or the stability temperature can be increased 




Experimental studies of CH4 and CO2 hydrates include using techniques such as  in situ 
neutron5,6,9  and X-ray diffraction,9,12,16 and Raman spectroscopy14,17 to characterize the 
structure and decomposition behavior of CH4 and CO2 hydrates and to observe the gas 
exchange process.  CH4-CO2 exchange has also been carried out in field studies in 
existing permafrost deposits.  In a field trial on the north slope of Alaska, a CO2-N2 
mixture was injected into the deposit, causing the release of CH4 and formation of mixed 
CH4-CO2 hydrate.  This field trial reported that while the exchange did occur, a “simple 
adiabatic homogeneous instantaneous equilibrium model cannot predict the observed 
production behavior”, and that a more developed understanding of mixed hydrate systems 
is necessary to achieve more definitive conclusions.8   
 
Key findings of structural characterization and decomposition studies are that CO2 
hydrate exhibits a smaller lattice parameter than CH4 hydrate below ~190 K and that the 
hydrates exhibit different anomalous preservation behavior.5,6,9,14,15,18  In this context, 
anomalous preservation refers to the temperature-dependent rate of hydrate 
decomposition.  The smaller lattice parameter is especially interesting since the CO2 
molecule has a larger diameter of 5.12 Å compared to the CH4 molecule with a diameter 
of 4.36 Å.3  Anomalous preservation has been observed in hydrates with both guest types 
but through different temperatures and with varied decomposition rates.6,9,14,19,20  These 
phenomena are important due to their implications on the mechanical and thermodynamic 
properties of hydrate deposits where gas exchange occurs for systems of pure CH4 and 
CO2 hydrate and mixed CH4-CO2 hydrates.  This work gains insights into the 
complexities of mixed gas hydrate behavior by simulating systems based on previous 
experimental results by Everett et al, 2015.5   
 
Classical molecular dynamics (MD), 7,10-13,19,21-23 MD with quantum corrections,15,21,24 
Monte Carlo (MC) and density functional theory (DFT)24-27 have been employed to 
investigate gas hydrates.  Despite the correlations between thermodynamic stability and 
guest occupancy, there are few computational studies that evaluate hydrate energetics at 
experimentally determined cage filling, and most assume full occupancy.  Quantum 
mechanical methods are able to provide more accurate description of the system, but this 
approach is computationally costly.  MD can efficiently model the large systems that are 
required to describe the disorder that arises from partial cage filling, the many possible 
water configurations in the host lattice, and the motion of the guest molecules.10-13,21,22   
Previous computational work agrees that the causes of observed phenomena, such as 
decreased lattice parameter with CO2 as the guest molecule, are dominated by 
intermolecular guest-host interactions.10,11,13  Some studies probe deeper to gain insight 
on the fine interactions responsible.  Jiang et al.13 modeled pure CH4 and CO2 hydrates to 
calculate their radial distributions functions (RDFs) for local structure analysis and 
concluded that CO2 enhances the librational mode of the water molecules as the O of the 
CO2 attracts and releases the H of the H2O.13  Computations observe that a guest CH4 
freely tumbles in all cages, while the CO2 has restricted motion in the LC and is the most 





Figure 2-1. The sI unit cell (a) is made up of two small cages and six large cages (b).  




Variations in guest rotational freedom relates to insights that find that CO2 energetically 
prefers the LC while CH4 tends to have higher occupancy in the SC.4,13   Existing energy 
breakdowns of guest-host interactions are simulated with fully occupied hydrate 
structures, leaving the question of what interactions dominate hydrate structure and 
thermodynamic properties at observed experimental conditions.   
 
This work provides thermodynamic and simulated local structure details to complement a 
previous experimental study of mixed CH4-CO2 hydrates.  Specifically, MD simulations 
are performed to model the hydrate systems that were characterized with neutron powder 
diffraction (NPD) by Everett et al.5  Mixed hydrates are simulated at the pressure (1 atm) 
and temperature (10 K) of NPD data collection.  The NPD structural refinements revealed 
that the gas synthesis feed compositions of (CH4)1-x (CO2)x ·5.75(D2O) where x = 0.0, 
0.25, 0.50, 0.75, and 1.0 under formation conditions of 4.14 MPa and 275 K resulted in 
CH4/CO2 compositions of 0.79/0.0, 0.36/0.34, 0.20/0.63 0.08/0.85, and 0.0/1.0.    The 
refined cage occupancies vary from those predicted by the CSMHYD program for these 
feed compositions and synthesis temperature of 253 K.3  In part, results vary due to the 
synthesis pressure being higher than the required formation pressure, most noticeably 
where the 100% CO2 sample was fully occupied.  Other previously published 
experiments of CO2 hydrate have not observed 100% cage occupancy, but ~98-99% in 
the LC and ~67-75% in the SC.6,20,28  CH4 hydrate studies have found appreciably higher 
cage occupancies in CH4 hydrates than the experiment by Everett et. al5, ~95-97%, and 
greater CH4 occupancy in the LC than the SC.28-30  Use of hydrates synthesized under the 
same formation pressure, temperature, and time allow for better direct comparison 
between the five samples, but leave many factors to account for differences in other 
experiments.  Sensitivity of gas hydrate structure and composition on the guest and 
formation conditions emphasizes the importance of understanding more about the 
stability and resilience of CH4, CO2 and mixed hydrates at a range of environmental 
conditions.  Through simulating hydrate systems based on experimental results, this work 
aims to draw more direct correlations between environmental conditions, observed 
properties, and thermodynamics.  As structural components of the seafloor and 
permafrost, it is important to understand and support through both models and 
experiment, that compositional alterations of deposits due to environmental changes (e.g. 
temperature) from both natural and anthropogenic causes are impactful, especially with 
regard to stability.  
Computation and Simulation Methods 
Five compositions of mixed CO2-CH4 gas hydrate systems were simulated using classical 
MD.  The starting composition and configuration for all five simulation boxes follow the 
results from Everett et al., but are referenced in this discussion to their feed compositions 
as (CH4)1-x(CO2)x  ·5.75(H2O), where x= 0.0, 0.25, 0.5, 0.75, and 1.0, or 0, 25, 50, 75, 
and 100% CH4.5  Table 1 summarizes the refined guest molecule occupancies for both 
the large and small cages.  The 5x5x5 unit cell configuration for 0% CH4 hydrate,Figure 
2-2-2, shows that the split proton sites on the water molecules were treated by following 
the ideal proton configuration for sI hydrates determined by Takeuchi et al.12  This 
structure was determined as having the lowest configuration energy and dipole moment 
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while following Bernal-Fowler ice rules.  A supercell is produced with this water 
framework, bond angles and distances dictated by the TIP4P potential to the water 
molecule.31  The gas molecules are then placed in the cages randomly, according to the 
occupancies specified in Table 1.  The placement of these molecules in the initial 
configuration is important because at the low temperature simulated here, there is 
absolutely no cage migration of any guest species.  Fixed rigid models were employed for 
the H2O, CH4, and CO2 molecules in all simulations.  H2O molecules were modeled with 
the TIP4P water potential model using a long range Coulombic solver, while partial 
charges and Lennard-Jones parameters for the C-H interactions of the CH4 molecule and 
C-O interactions of the CO2 molecule followed Tse et al.32 and Duan et al.33, respectively.  
Interaction potentials are listed in Table 2, and OH2O-CCH4, OH2O-OCO2, OH2O -CCO2, CCH4-
CCO2, and CCH4-OCO2 Lennard-Jones parameters were calculated using Lorentz-Berthelot 
combination rules.13,34  
 
5x5x5 unit cell systems were relaxed in the NPT ensemble at 10 K in order to determine 
the equilibrium lattice parameter.  This lattice parameter was then used for production 
simulations in NVT to calculate intermolecular energies, RDFs, and density distributions.  
All simulations used a timestep of 1 fs and final production simulations were for 105 
steps, for a total of 100 ps.  A Nosé-Hoover thermostat was used to maintain the 
temperature at 10 K with a damping constant of 100 fs.35,36  Intermolecular energies were 
broken down between the host and guest species, and between large and small cages as 
described in Table 3.  Host-host and guest-guest intermolecular energies were divided by 
the respective number of molecules contributing to that energy.   Host-guest 
intermolecular energies were divided by the number of guest molecules contributing to 
the particular energy, to provide average interaction energies. 
 
The radial distribution function (RDF) was utilized to analyze the structure of all 
components of the hydrate structure.  RDFs are calculated for all atomic pairs, allowing 
for comparison of the impact of gas mixtures on CO2 and CH4 motion and localization.  
Distinct RDFs were calculated for CO2 molecules in the small and large cages so that the 
impact of cage type on guest orientation could be directly observed.   
Three-dimensional density distributions were calculated for each guest type in the small 
and large cages.  Since the six large cages and two small cages in each unit cell are 
shifted and oriented differently relative to the laboratory frame of reference, a 
combination of translational and rotational transformations were used to generate density 
distributions consistently averaged over all cages of a given type.   
Results and Discussion 
Lattice Parameter   
The starting configurations for the five mixed CO2-CH4 compositions were set up to 
replicate the experimentally determined cage occupancy, composition, and lattice 
parameter results from the Everett el al.5  To obtain an equilibrated lattice parameter for 
each system using the model’s potentials, they were first relaxed with simulations in the 
NPT ensemble.  
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Total fraction  Cages 
occupied  
CH4 CO2 CH4 CO2 CH4 CO2 
100% CH4 0.73 - 0.93 - 0.79 - 0.79 
75% CH4 0.28 0.42 0.59 0.09 0.36 0.34 0.70 
50% CH4 0.08 0.77 0.54 0.21 0.20 0.63 0.83 
25% CH4 0.00 0.98 0.33 0.47 0.08 0.85 0.94 







Figure 2-2. The 5x5x5 unit cell initial configuration for 0% CH4 hydrate.  CO2 
molecules are placed at random orientations in the center of each small cage 






Table 2-2. Partial charges and Lennard-Jones parameters used in simulations. 
Molecule Atom 
Partial charge 
(eV)  (kcal/mol)  (Å) 
H2O – TIP4Pmodel31 O - 0.16275 3.16435 




-1.0484 - - 
CH432 C -0.5600 0.32624 3.6400 
 H 0.1400 - - 
CO233 C 0.5888 0.05732 2.7918 





Table 2-3. Intermolecular energy breakdown.  SC = Small Cage, LC = Large Cage.  
This matrix is symmetric. 
H2O-H2O H2O-CH4 SC H2O-CH4  LC H2O-CO2 SC H2O-CO2 LC 
 CH4 SC-CH4 SC CH4 SC-CH4 LC CH4 SC-CO2 SC CH4 SC-CO2 LC 
  CH4 LC-CH4 LC CH4 LC-CO2 SC CH4 LC-CO2 LC 
   CO2 SC-CO2 SC CO2 SC-CO2 LC 





Figure 2-3 plots the initial lattice parameter, used for the simulations, from the 
experimental results and the lattice parameter from equilibrated MD simulations.  From a 
quantitative point of view, the simulations consistently under-predict the lattice parameter 
by an average of 0.013%.  This discrepancy is due to the rigid molecules employed and 
the overbinding of the TIP4P potential.  It has been demonstrated that quantum 
corrections, such as TIP4PQ/2005, improve the agreement between simulated and 
experimental lattice parameters at low temperatures.15  However, the simulations do 
capture the important experimental trend, in which the unit cell shrinks with increasing 
CO2.  The percent increase in lattice parameter from the pure CH4 to pure CO2 for the 
experimental and simulated systems are 0.08% and 0.17%, respectively.   
 
Potential Energy Breakdown 
The energy of the occluded hydrate system contains both intramolecular and 
intermolecular components.  All of the molecules in this system (H2O, CO2 and CH4) 
were modeled as internally rigid, the intramolecular energy to remain constant during the 
simulation and all further discussion of system energetics focuses exclusively on the 
intermolecular component of the total potential energy.  Given the potential, the 
intermolecular component is composed of three terms:  a short-range repulsive term 
preventing atomic overlap, a short-ranged dispersive attractive term, and a long-ranged 
Coulombic term (attractive or repulsive depending upon the signs of the charges 
involved).  Below, these three intermolecular terms are grouped together. 
The potential energy can be broken down to varying degrees of contributions, from which 
different observations come into focus.  The coarsest breakdown is to divide the system 
into two components:  host (H2O) and guest (CO2 and CH4 collectively), in which there 
are three contributions to the intermolecular potential energy:  host-host, host-guest and 
guest-guest.  In Figure 2-4, these three energy terms are plotted as a function of the 
composition of the bulk gas present during hydrate synthesis, i.e. as CO2 replaces CH4 in 
the solid solution ((CH4)1-x(CO2)x  ·5.75(H2O) and corresponding to compositions of the 
feed gas reported in Table 1.  The various contributions of the potential energy span 
several orders of magnitude and they are best displayed on a logarithmic axis.  All 
components of the intermolecular energy were attractive (negative).  To accommodate 
the logarithmic scale, the absolute value of energy is plotted. 
 
Figure 2-4 shows that the host-host (H2O-H2O) energy is the largest contribution to the 
potential energy, irrespective of guest composition.  The host-guest contribution is 
approximately an order of magnitude smaller and the guest-guest interactions are an 
additional order of magnitude smaller.  The magnitude of the host-host potential energy 
decreases as the fraction of CO2 increases, produced by the lattice distortion that occurs 
with the addition of the CO2 guest.  Conversely, the magnitude of the host-guest potential 
energy increases as the fraction of CO2 increases.   This reflects the stronger Lennard-
Jones and electrostatic interactions that the CO2 molecule has with the surrounding water 




Figure 2-3. Comparison of lattice parameters from the experiment (10 K) of Everett 





Figure 2-4. CH4 and CO2 energies are summed to investigate total host-guest and 
guest-guest interactions.  Both host-guest and guest-guest energies increase as CO2 is 












The guest-guest component of the potential energy displays the largest change in energy 
with increasing CO2 content on a percentage basis.  However, on an absolute basis, this 
change remains smaller than those observed for either the host-host or host-guest.   
 
The interaction breakdown of the occluded hydrate system can be further divided into 
three components:  H2O, CO2 and CH4.  At this finer level, energetic differences among 
CO2 and CH4 molecules become apparent.  In Figure 2-5, the contributions to the 
potential energy of the H2O-CO2 and H2O-CH4 are plotted as a function of the 
composition of the feed gas present during hydrate synthesis.  Here, there is unambiguous 
evidence that the interaction of the CO2 molecule with the framework is stronger than 
that of the CH4 molecule.  Moreover, the magnitude of the H2O-CO2 interaction energy 
increases with increasing CO2, a phenomenon primarily attributed to the commensurate 
reduction in the lattice parameter.  The same trend is also observed for H2O-CH4 
interactions, though to a lesser extent.  In mixed CH4-CO2 compositions there is a re-
orientation of CO2 molecule within the large cage and localization in both cages, that 
contributes to this trend.  The SC:LC cage ratio in the structure is 2:8 and the LC has 
greater CO2 occupancy, so the CO2 molecule in the LC dominates the structural and 
energetic phenomena caused by guest composition.  
 
The breakdown of the occluded hydrate system can be further separated a third time into 
four components:  H2O-CO2 in the SC and LC and H2O-CH4 in the SC and LC by 
resolving cage types and guest type.  In Figure 2-6, the interaction of each guest molecule 
with the hydrate framework is shown for both cages.  CO2 has a stronger energetic 
interaction in either cage than CH4.  CO2 has a stronger interaction with the LC than the 
SC, conversely CH4 has a stronger interaction with the SC than the LC.  This observation 
is consistent with experimental results by Everett et al. in several ways.  First, since some 
of the cages are unoccupied the fraction of the cages filled with CO2 in the solid solution 
is always enriched compared to its fraction in the bulk or feed gas.  Based on the feed 
compositions provided in Table 1, for the hydrates synthesized with feed gas 
compositions of 25, 50, and 75% CO2 balance CH4, the analogous ratio of cages filled 
with CO2 molecules is respectively 34, 63, and 85%.  The thermodynamic property 
responsible for the partitioning of guest molecules between the gas and hydrate is the free 
energy, which has both energetic and entropic components.  However, for two similarly 
sized guests, the entropic advantage of one over another may be marginal, allowing the 
energetic effect to dominate.  Here, the simulations confirm a strong energetic preference 
for CO2, resulting in the enrichment of CO2 in the hydrate at all mixture compositions. 
A second confirmation of experimental observations by Everett et al. is found in the 
distribution of guests between small and large cages.  Again, the free energy governs this 
distribution.  Because the entropy is related to the accessible volume, the LC will always 
be entropically favored over the small cage.  If a guest disproportionately resides in a SC, 
then it must be due to a stronger interaction energy of the guest with the SC relative to the 
LC.3,4,18  The experimental results by Everett et al. in Table 1 show that the CH4 molecule 
prefers the SC, for both the pure and mixed CH4-CO2 compositions, agreeing with the 
observation shown in Figure 2-6 that the CH4 molecule has an energetic preference for 





Figure 2-5. Intermolecular interaction energies calculated from MD simulations in 







Figure 2-6. Separation of host-guest interactions by molecule type and cage type, 




Table 1 shows for the three CH4-CO2 mixtures that CO2 prefers to occupy the LC.  For 
the pure CO2 hydrate, both cages are fully occupied due to synthesis conditions, i.e. 
overpressure based on synthesis temperature.  If a guest prefers the LC, it is either 
because the LC is favored both energetically and entropically or the entropic advantage 
outweighs a modest energetic disadvantage.  Figure 2-6 shows that the CO2 molecule has 
an energetic preference for the LC consistent with the experimental data. 
Radial Distribution Functions 
Radial distribution functions (RDFs) are conditional probability density functions for 
finding an atom at a distance, r, from a given an atom located as the origin.  RDFs are 
normalized so that they approach unity as r approaches infinity.  RDFs, which can be 
generated from theory, simulation, and experiment, are routinely used to characterize 
structure at the atomic level.  In this work RDFs were generated for all pairs of atom 
types at the finest level of resolution and a selection of the RDFs are presented.  In Figure 
2-7 relevant portions are plotted, however, RDFs were generated out to 25 Å.  All RDFs 
in Figure 2-7 are labeled according the contributing atom pairs, that is, an RDF 
designated with Owater-CCO2 corresponds to the carbon of the CO2 and the oxygen of the 
H2O molecules.   
 
In Figure 2-7(a) the RDF corresponding to the oxygen atom of water and the carbon atom 
of CO2 in the LC is shown for the three CH4-CO2 mixtures and the pure CO2 system.  
The intra-large cage Owater-CCO2 pair distances are represented by the 3-5 Å range in 
Figure 2-7(a).  The RDF shows in the 0% CH4 to 75% CH4 that the peak at this intra-cage 
distance narrows and increases in intensity as the shoulder at higher r sharpens, splitting 
the peak.  The sharpening and splitting of these peaks indicate that the CO2 molecule is 
occupying more discrete positions as the CH4 fraction is increased in the (CH4)1-x (CO 
2)x·5.75(H2O) hydrate solid solution.  Therefore, the CO2 molecule becomes more 
ordered in the large cage of the hydrate.  The impact of increased CH4 fraction on the 
CO2 ordering is also seen in Figure 2-7(a) as r increases in the inter-cage distances.  
Ordering of the CO2 molecule in the cages increases stability of the hydrate, as the CO2 
orients in the cage where it interacts with the framework in contrast to the non-interacting 
tumbling of the CH4 molecule.  Sharp peaks indicate that the CO2 has less freedom in the 
cage than CH4, and it becomes locked in positions it cannot freely rotate from as CH4 is 
added into the system.   
 
Ordering of CO2 in the (CH4)1-x (CO 2)x·5.75(H2O) solid solution is also observable in the 
Owater-CCO2 RDFs for the small cages in Figure 2-7(b).  Similar to the behavior observed 
in the LC RDFs, the CO2 molecule orients in more localized positions for the mixed gas 
systems in the SC.  This is observable as the Owater-CCO2 peaks narrow and sharpen from 
0% CH4- 75% CH4.  An additional orientation is not seen as in the LC because SC size is 
geometrically more restrictive.  The first peak in Figure 2-7(b) sharpens with CH4 
increase as CO2 freedom in the cage decreases.  Though the mixed guest hydrate RDFs 
exhibit more order than the 0% CH4 hydrate, the highest thermodynamic stability is seen 





Figure 2-7. CO2-H2O RDFs are shown for the LC (a) and SC (b), corresponding to 
Owater-CCO2 distances.  Host-host (d) pair distances are observed with the water O-H 
distances.  The CH4- H2O (using C atom of the CH4and the H atom of the H2O) (c) 




The greater order in the 25, 50, and 75% CH4 hydrates improves stability in these 
systems where CO2 is more dispersed but the greatest influence on thermodynamics 
occurs at the highest concentration of the interacting CO2 molecule in the pure CO2 
hydrate.   
 
In Figure 2-7(c) the RDF corresponding to the oxygen atom of water and the carbon atom 
of CH4 (averaged over both cages) is shown for the three mixtures and the pure CH4 
system.  The behavior of this RDF is less complex compared to the CO2 molecule.  Peak 
intensities increase with the CH4 fraction, but width and symmetry do not change.  The 
25% CH4 hydrate does not have any CH4 LC occupancy, as outlined in Table 1.  
Considering the occupancy of CH4 in the two cages through the CH4 increase, the 
changes in intensities of the peak at 4 Å and 4.5 Å are due to changes in the occupancies 
rather than the guest positions within the cage.   
 
RDFs describing the guest-host interactions imply that a change in the host-host 
intramolecular interactions may be observable over the 100% to 0% CH4 mixed hydrates.  
The Owater-Hwater RDF is shown in Figure 2-7(d).  The lower r range (not shown) contains 
the first peak at 0.97 Å, which represents the rigid O-H bond in the water molecule.  The 
second peak (also not shown) at 1.75 Å corresponds to the hydrogen bond that holds the 
cages together, but which does not vary significantly with guest composition.  The effects 
of composition on the RDF are seen beginning at 4 Å and indicate cage distortion but not 
collapse.  The highest structural order is seen in RDFs representing the host lattice 
through Owater-Hwater distances in Fig 7(d) for the 100% CH4 hydrate because the cages are 
unaffected by the guest molecule.  The change in this RDF as the CO2 fraction is 
increased reflects distortion of the hydrate cages, due to the discrete molecular 
orientations in the cage and the molecule’s electrostatic interaction with the H2O 
molecules. 
 
In Figure 2-7(e) the RDF corresponding to pairs of carbon atoms of CH4 (averaged over 
both cages) is shown for the three mixtures and the pure CH4 system.  Here significant 
changes in the relative peak magnitudes occur as a function of guest composition.  
However, the peak positions do not change.  Therefore, these RDFs can be explained in 
terms of the changing relative occupancy of cages by CH4 as summarized in Table 1. 
In Figure 2-7(f) the RDF corresponding to pairs of carbon atoms of CO2 in the LC is 
shown for the three mixtures and the pure CO2 system.  This RDF shows that the CO2 
guest interactions are affected by mixing guest composition with the CCO2-CCO2 RDF.  
While some of the intensity change can be attributed to cage occupancy fractions, 
asymmetric broadening shows that the CO2 molecules are interacting.  In particular a 
clear peak splitting is observed between 13 and 14 Å with increasing CH4 content.  This 
effect is further investigated via density distributions. 
Density distributions 
Density distributions produced from the MD simulations are based on the same 
information used to generate the RDFs.  However, the RDFs provide angle-averaged 
distributions, whereas the density distributions leave the angular information intact, thus 
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providing a three-dimensional visualization of the guest molecule distribution.  Figure 2-
8 shows the density distribution for each guest molecule within the large and small cages 
of the hydrate framework.  Figure 2-8(a-j) illustrates the distribution of the CH4 molecule 
in the SC and two view directions for the LC.  These molecules distribute in both the SC 
and LC as approximately uniformly distributed spheres.  Some slight asymmetry is 
visible in the LC views in 8(b,e,h), however the molecule can be described as mostly-
freely tumbling in both cages.  This distribution is consistent with the experimental 
nuclear density distribution of the molecules reported for the 100% CH4 hydrate LC and 
are compared with this computational study in Figure 2-9(c,d).  These results corroborate 
the RDFs in Figure 2-7(c,e), showing that the CH4 molecule has little impact on other 
CH4 and the H2O lattice.   
 
The RDFs discussed above indicate the varying degrees of localization that the CO2 
molecule takes in the SC and LC.  The influence of guest composition on this order is 
apparent in the CO2 distributions plotted in Figure 2-8(k-v).  The comparison of the 0% 
CH4 LC case in is shown in Figure 2-8(u,v) and illustrates how the CO2 molecule in the 
LC orients in a planar, “pancake” shape which aligns in the plane perpendicular to the 
cage’s hexagonal faces.  Figure 2-8(u) shows the flatness of the shape and the absence of 
any orientations outside this plane.  The circular distribution of CO2 orientations is shown 
in the view looking parallel to the short axis, or through the two hexagonal faces of the 
LC.  This density distribution for the 0% CH4 reproduces experimental observations in 
Figure 2-9(a,b).  Remarkably, this planar distribution is broken as seen in the 25-75% 
CH4 hydrates.  The RDFs in Figure 2-7(a,b) exhibit increased H2O-CO2 interactions for 
mixed hydrates, which are visualized with the density distributions in Figure 2-8(k-v).  In 
Figure 2-7(a) the RDFs for the CCO2 -OH2O in the LC exhibit a sharpening and splitting as 
the CO2 fraction decreases, which is attributed to ordering of the CO2 in the LC.  This 
ordering, or gain of more discrete positions, is visible in the density distributions of the 
LC CO2 in Figure 2-8(l,o,r,u).  As the CH4 fraction increases, the CO2 gains an additional 
orientation along the short axis of the LC, with the molecule pointing toward the centers 
of the two hexagonal faces.  This is a small distortion in Figure 2-8(r), which becomes 
unmistakable in the 50 and 75% CH4 cases in Figure 2-8(l,o).  These density distributions 
also explain the guest-guest interactions which are described by the RDFs in Figure 2-
7(f).  Increased structural order is seen through both the H2O-CO2 and CO2-CO2 
interactions.  Figure 2-8(k,n,q,t) shows that while the SC is too restrictive for the CO2 to 
occupy an additional orientation, it does occupy more discrete positions with increased 
CH4.  These results for the mixed hydrates were not reported in the experiment 
referenced in Figure 2-9 but confirm the distribution shapes observed in the 0 and 100% 
CH4 hydrates, revealing the importance of utilizing both long and short-range order 
studies to gain insight on the structure of gas hydrates.   
Conclusions 
The impact of guest molecules on the atomic structure and thermodynamic properties of 
mixed gas hydrates was investigated via the simulation of five hydrate compositions in 




Figure 2-8. Density distributions are visualized from the MD trajectories.  These 




Figure 2-9.  Nuclear density distributions refined from neutron powder diffraction 
data compared with results from MD simulations show good agreement between 




To allow for direct comparison to experiment, the gas guest occupancies (i.e. the 
composition) for each simulation box were configured to follow published experimental 
results where the feed gas composition was x=1.0, 0.75, 0.50, 0.25, and 0.0.  The 
simulations at 10 K showed that the lattice parameter decreases as the CO2 fraction 
increases in the system in agreement with the experimental results, as a consequence of 
electrostatic interactions.  Density distributions produced from the simulations of 
hydrates exposed to pure gasses replicated the shape of the CH4 and CO2 molecular 
motion in the large cage that was determined from Rietveld refinements of neutron 
powder diffraction data.  Deviations from these distributions were observed in the mixed 
gas cases. 
 
Thermodynamic interaction energies, broken down between guest species and cage type, 
show that CO2 has a much stronger interaction with the hydrate framework than CH4 and 
that CO2 prefers the large cage while CH4 is energetically preferential to the small cage.  
These observations are in agreement with equilibrium predictions which always show a 
preferential CO2 occupancy in the large cage relative to the small cage.   
CO2 motion in both cages is more restricted than CH4, which normally distributes as a 
sphere at all compositions.  The CO2 in a pure CO2 hydrate orients in a plane parallel to 
the hexagonal faces of the large cage but gains an additional orientation perpendicular to 
this shape as CH4 is added to the system.  This analysis of the short-range structure 
provides evidence that both host-guest and guest-guest interactions are impacted by guest 
composition in mixed gas hydrates.   
Acknowledgements  
This research used resources at the Spallation Neutron Source, a DOE Office of Science 
User Facility operated by Oak Ridge National Laboratory. This work is supported by the 
Center for Materials Processing, a Tennessee Higher Education Commission (THEC) 
Center of Excellence located at the University of Tennessee, Knoxville, and the 
University of Tennessee Chancellor’s Fellowship. The research at Oak Ridge National 
Laboratory’s Spallation Neutron Source was sponsored by the US Department of Energy, 
Office of Basic Energy Sciences.  The ICE-MAN software suite was utilized for this 






1 Chong, Z. R., Yang, S. H. B., Babu, P., Linga, P. & Li, X.-S. Review of natural 
gas hydrates as an energy resource: Prospects and challenges. Applied Energy 
(2016). 
2 Falenty, A., Hansen, T. C. & Kuhs, W. F. Formation and properties of ice XVI 
obtained by emptying a type sII clathrate hydrate. Nature 516, 231-233 (2014). 
3 Koh, C. A. & Sloan, E. D. Natural gas hydrates: Recent advances and challenges 
in energy and environmental applications. AIChE Journal 53, 1636-1643 (2007). 
4 Sloan, E. D. & Koh, C. A. Clathrate Hydrates of Natural Gases.  (CRC Press, 
2007). 
5 Everett, S. M. et al. Insights into the structure of mixed CO2/CH4 in gas hydrates. 
American Mineralogist 100, 1203-1028 (2015). 
6 Hansen, T. C., Falenty, A. & Kuhs, W. F. Lattice constants and expansivities of 
gas hydrates from 10 K up to the stability limit. The Journal of Chemical Physics 
144, 054301 (2016). 
7 Zhu, J. et al. Encapsulation kinetics and dynamics of carbon monoxide in 
clathrate hydrate. Nature Communications 5, 1428 (2014). 
8 Boswell, R. et al. The Iġnik Sikumi Field Experiment, Alaska North Slope: 
Design, Operations, and Implications for CO2–CH4 Exchange in Gas Hydrate 
Reservoirs. Energy & Fuels 37, 140-153 (2016). 
9 Everett, S. M. et al. Kinetics of Methane Hydrate Decomposition Studied via in 
Situ Low Temperature X-ray Powder Diffraction. The Journal of Physical 
Chemistry A 117, 3593-3598 (2013). 
10 Jia, J., Liang, Y., Tsuji, T., Murata, S. & Matsuoka, T. Elasticity and Stability of 
Clathrate Hydrate: Role of Guest Molecule Motions. Scientific Reports 7, 1290 
(2017). 
11 Miyoshi, T., Imai, M., Ohmura, R. & Yasuoka, K. Thermodynamic stability of 
type-I and type-II clathrate hydrates depending on the chemical species of the 
guest substances. The Journal of Chemical Physics 126, 234506 (2007). 
12 Takeuchi, F. et al. Water proton configurations in structures I, II, and H clathrate 
hydrate unit cells. Journal of Chemical Physics (2013). 
13 Jiang, H. & Jordan, K. D. Comparison of the Properties of Xenon, Methane, and 
Carbon Dioxide Hydrates from Equilibrium and Nonequilibrium Molecular 
Dynamics Simulations†. The Journal of Physical Chemistry C 114, 5555-5564 
(2010). 
14 Uchida, T. et al. Kinetics and Stability of CH4-CO2 Mixed Gas Hydrates during 
Formation and Long-Term Storage. Chemphyschem 6, 646-654 (2005). 
15 Costandy, J., Michalis, V. K., Tsimpanogiannis, I. N., Stubos, A. K. & 
Economou, I. G. Lattice constants of pure methane and carbon dioxide hydrates at 
low temperatures. Implementing quantum corrections to classical molecular 
dynamics studies. The Journal of Chemical Physics 144, 124512 (2016). 
16 Takeya, S., Muromachi, S., Yamamoto, Y., Umeda, H. & Matsuo, S. Preservation 
of CO2 hydrate under different atmospheric conditions. Fluid Phase Equilibria 
413, 137-141 (2016). 
39 
 
17 Circone, S. et al. CO2 Hydrate:  Synthesis, Composition, Structure, Dissociation 
Behavior, and a Comparison to Structure I CH4 Hydrate. The Journal of Physical 
Chemistry B 107, 5529-5539 (2003). 
18 Ikeda, T. et al. Distortion of Host Lattice in Clathrate Hydrate as a Function of 
Guest Molecule and Temperature. The Journal of Physical Chemistry A 104, 
10623-10630 (2000). 
19 Chialvo, A. A., Houssa, M. & Cummings, P. T. Molecular dynamics study of the 
structure and thermophysical properties of model sI clathrate hydrates. The 
Journal of Physical Chemistry B 106, 442-451 (2002). 
20 Takeya, S., Udachin, K. A., Moudrakovski, I. L., Susilo, R. & Ripmeester, J. A. 
Direct space methods for powder X-ray diffraction for guest-host materials: 
applications to cage occupancies and guest distributions in clathrate hydrates. 
Journal of the American Chemical Society 132, 524-531 (2010). 
21 Conde, M., M.  et al. Can gas hydrate structures be described using classical 
simulations? The Journal of Chemical Physics 132, 114503 (2010). 
22 English, N. J. & Macelroy, J. M. D. Structural and dynamical properties of 
methane clathrate hydrates. Journal of Computational Chemistry 24, 1569-1581 
(2003). 
23 Yezdimer, E. M., Cummings, P. T. & Chialvo, A. A. Determination of the Gibbs 
Free Energy of Gas Replacement in SI Clathrate Hydrates by Molecular 
Simulation. The Journal of Physical Chemistry A 106, 7982-7987 (2002). 
24 Cox, S. J., Towler, M. D., Alfè, D. & Michaelides, A. Benchmarking the 
performance of density functional theory and point charge force fields in their 
description of sI methane hydrate against diffusion Monte Carlo. The Journal of 
Chemical Physics 140, 174703 (2014). 
25 Izquierdo-Ruiz, F., Otero-de-la-Roza, A., Contreras-García, J., Prieto-Ballesteros, 
O. & Recio, J. Effects of the CO2 Guest Molecule on the sI Clathrate Hydrate 
Structure. Materials 9, 777 (2016). 
26 Vidal-Vidal, Á., Pérez-Rodríguez, M., Torré, J. P. & Piñeiro, M. M. DFT 
calculation of the potential energy landscape topology and Raman spectra of type 
I CH4 and CO2 hydrates. Physical Chemistry Chemical Physics 17, 6963–6975 
(2015). 
27 Anderson, B. J., Tester, J. W. & Trout, B. L. Accurate Potentials for 
Argon−Water and Methane−Water Interactions via ab Initio Methods and Their 
Application to Clathrate Hydrates. The Journal of Physical Chemistry B 108, 
18705-18715 (2004). 
28 Qin, J. & Kuhs, W. F. Quantitative analysis of gas hydrates using Raman 
spectroscopy. AIChE Journal 59, 2155-2167 (2013). 
29 Handa, Y. P. Compositions, enthalpies of dissociation, and heat capacities in the 
range 85 to 270 K for clathrate hydrates of methane, ethane, and propane, and 
enthalpy of dissociation of isobutane hydrate, as determined by a heat-flow 
calorimeter. The Journal of Chemical Thermodynamics 18, 915-921 (1986). 
30 Ripmeester, J. A. & Ratcliffe, C. I. Low-temperature cross-polarization/magic 
angle spinning carbon-13 NMR of solid methane hydrates: structure, cage 
40 
 
occupancy, and hydration number. The Journal of Physical Chemistry 92, 337-
339 (1988). 
31 Abascal, J. L. F. & Vega, C. A general purpose model for the condensed phases 
of water: TIP4P/2005. The Journal of Chemical Physics 123, 234505 (2005). 
32 Tse, J. S., Klein, M. L. & McDonald, I. R. Computer simulation studies of the 
structure I clathrate hydrates of methane, tetrafluoromethane, cyclopropane, and 
ethylene oxide. The Journal of Chemical Physics 81, 6146-6153 (1984). 
33 Duan, Z. & Zhang, Z. Equation of state of the H2O, CO2, and H2O  CO2 systems 
up to 10 GPa and 2573.15 K: Molecular dynamics simulations with ab initio 
potential surface. Geochimica et Cosmichimica Acta 70, 2311-2324 (2006). 
34 Allen, M. P. & Tildesley, D. J. Computer Simulation of Liquids.  (Oxford 
University Press, 2017). 
35 Nose, S. A Molecular Dynamics Method for Simulations in the Canonical 
Ensemble. Molecular Physics 52, 255-268 (2006). 
36 Hoover, W. G. Canonical Dynamics: Equilibrium Phase-Space 




CHAPTER 3  
MOLECULAR ROTATIONAL DYNAMICS IN MIXED CH4-CO2 
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Abstract 
The impact of guest molecule composition on the rotational dynamics in CH4, CO2, and 
mixed CH4-CO2 gas hydrates is investigated with classical molecular dynamics 
simulations.  Rotational autocorrelation functions are calculated for the guest and host 
molecules in each hydrate composition from simulation trajectories at 10, 40, 190, and 
270 K.  Analysis of these functions for each molecule is further decomposed into cage 
type for each CH4 and CO2 guest and cage face for the H2O host.  CH4 becomes more 
constrained and CO2 gains freedom in the mixed guest systems.  Mixing guest species in 
gas hydrates alters the intermolecular interaction environment, impacting the rotational 
motion of the guest molecules.  This effect is also seen in the host lattice H2O molecules, 
as evidence of molecular rotations are seen in the CO2 hydrate at 270 K during longer 
simulations.   
Introduction  
Gas hydrates are solid inclusion compounds with a clathrate cage structure formed by a 
hydrogen-bonded water network, which can trap a variety of types of guest molecules.  
Natural gas hydrates primarily contain CH4 as a guest molecule, with a small percentage 
of H2S and other molecules, and form under the low temperature and moderate to high 
pressure conditions on the ocean floor and in subsurface permafrost.1 Investigations of 
gas hydrates are largely motivated by the growing need for new energy sources, as this 
methane source contains an estimated five times the fuel currently available from 
conventional natural gas sources.2  The natural CH4 containing deposits can become 
unstable as temperatures rise in the atmosphere and ocean, leading to environmental 
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concerns for the impact of gas hydrates reservoirs with changing environmental 
conditions.1,3   
 
There are two crystallographic structure types which gas hydrates can form: sI and sII, 
determined by formation temperature, pressure, and present guest types.1,4,5  At the 
conditions present on earth where gas hydrates form with CH4, the sI type is the most 
common.  A variety of other guests may be occluded in the sI structure besides CH4 such 
as CO2, N2, H2S, and Xe, but this study focuses on CH4 and CO2 guests and the solid 
solution of mixed CH4- CO2 hydrate.1,6,7  CO2 can exchange with the enclathrated CH4 
when pumped into natural hydrate deposits during laboratory and field tests.  This 
exchange makes gas hydrate reservoirs a possible byproduct sequestration medium while 
obtaining new fuel sources.2,8   
 
The sI clathrate unit cell, shown in Figure 3-1, is a Pm3n cubic crystal composed of 46 
water molecules that form 8 cages.  The host lattice is formed by six tetrakaidekahedral 
(51262) cages, which are arranged to form two interstitial dodecahedral (512) cages.  Each 
sI cage may hold up to, but no more than, one CH4 and CO2 guest molecule.1,6,9,10  When 
cages are fully occupied the composition of the unit cell is expressed as (CH4)1-x(CO2)x 
·5.75(H2O).6,11  The crystal structure of gas hydrates has been thoroughly studied with X-
ray and neutron powder diffraction experiments, which provide the unit cell 
representation in Figure 3-1.4,6,7,9,12,13  Partial occupancies in the crystallographic 
representation are used to represent the disorder on the water proton sites.  Using these 
partial positions, Takeuchi et al.4 calculated that the sI crystal has 685,686,200 proton 
configurations that satisfy ice rules.  Additionally, the rotational motion of the gas 
molecules within the cages is represented by partially occupied sites for the HCH4 and 
OCO2.  As this highly disordered representation is not ideal for molecular simulations of 
gas hydrates and local structure investigations, Takeuchi et al.4 determined a sI unit cell 
with a water configuration which satisfies the lowest configuration energy and dipole 
moment while following ice rules.   Figure 3-2 shows this proton configuration with both 
cage types isolated from the unit cell, which has been used in previous publications and 
will also be used in this study.4   
 
Experimental and simulated structural studies have observed that CO2 hydrate exhibits a 
higher decomposition temperature and is stable at lower pressure than CH4 hydrate.  
When CO2 is a guest, the crystal has a smaller lattice parameter than its CH4 counterpart 
until approximately 180 K when the CO2 hydrate lattice expansion surpasses CH4 
hydrate.6,7,11,14  Experiments and simulations of gas hydrate dynamics show that CO2 is 
more constrained and interacts more strongly with the host lattice, while the isotropic 
CH4 molecule is constrained at very low temperatures but nearly freely tumbles as the 
temperature increases.15,16  CH4 rotational dynamics in pure CH4 hydrate have been 
investigated with inelastic neutron scattering by Tse et al.17, where CH4 rotation at low 
temperature was shown to be quantum, while Casco et al.18 found that rotational motion 














Figure 3-2. A small cage (top) and large cage (bottom) isolated from the hydrate 




Additionally, CO2 rotations in pure CO2 have been shown via nuclear magneto resonance 
(NMR) and molecular dynamics (MD) simulations at 77 K and above by Alavi et al., to 
rotate in the long axis of the large cage.19  Structural studies using neutron powder 
diffraction (NPD) and MD simulations have also shown the CO2 molecule to sit in this 
plane at low temperature, but also observed it to occupy orientations out of this plane in a 
gas hydrate with mixed guest composition.6,11  Interactions between mixed guests and the 
H2O framework have been observed in simulations and spectroscopic experiments for 
various guest molecules.18,20-22  While the hydrate host lattice remains locked in at low 
temperature, NMR experiments have observed water molecule flipping at higher 
temperatures, and a full proton reorientation.23  Thermodynamic investigations suggest 
that CO2 hydrate is more stable than CH4 hydrate, supporting studies which show that 
CO2 readily exchanges with CH4 in clathrates.1,6,11,14  Additionally, the Ignik Sikumi field 
experiment showed that the CO2-CH4 did exchange, but the exact mechanism of 
exchange is not clear.8  Molecular level studies of CH4, CO2, and mixed CH4-CO2 
hydrates can provide substantial support for such future utilization of natural hydrates.   
 
In this investigation of the rotational dynamics of both the host and guest molecules, we 
elucidate how the gas molecules are moving within the clathrate cages, and how 
temperature and guest composition affect these dynamics.  The motions of the CO2 and 
CH4 in the large tetrakaidekahedral (LC) and small dodecahedral (SC) cages and the H2O 
molecular motions on the hexagonal and pentagonal cage faces are investigated at four 
key temperatures relevant to the gas hydrate phase diagram. Three compositions, CH4, 
CO2, and mixed CH4-CO2 hydrates are simulated to determine the effect of mixing guest 
composition on the guest and host molecule rotational dynamics 
 
This computational study simulates CH4, CO2, and mixed CH4-CO2 hydrates with 
classical molecular dynamics simulations for the calculation of molecular rotational 
autocorrelation functions in order to compare the effects of temperature and guest 
composition on the rotational motion of the guest and host molecules in hydrates.  We 
use this analysis to gain insight into the structure and decomposition behavior of these 
hydrate compositions, using previous experimentally determined guest occupancy and 
simulation temperatures to increase the connection and relevance from these simulations 
to experiments.   
Computational and Simulation Methods 
CH4, CO2, and mixed CO2-CH4 gas hydrate systems were modeled using classical MD 
simulations at 10, 40, 190, and 270 K.  The starting composition and configuration of the 
three simulation boxes follow the NPD results from Everett et al.6, and are referenced in 
this discussion according their feed compositions as CH4, CO2, and mixed CH4-CO2 
hydrate.  Gas hydrate powders were synthesized for this published NPD experiment from 
liquid water with the aid of Snomax, and ice nucleating protein, with CH4/CO2 feed gas 
compositions of 1.0/0.0, 0.5/0.5, and 0.0/1.0 under 4.13 MPa at 275 K, resulting in the 
guest molecule small cage and large cage occupancies shown in Table 1.6  The choice to 
maintain constant temperature and pressure over the three compositions resulted in feed 
pressures well over those required for formation of the CO2 containing hydrates, 
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therefore, the processing conditions in this synthesis resulted in guest occupancies which 
differ from others in literature.  Various publications report CO2 hydrates with ~98-99% 
occupancy in the LC and ~67-75% in the SC, while CH4 hydrates have been reported 
with ~95-97% total cage occupancy, compared with the result of 79% as synthesized by 
Everett et al.5-7,24,25  These results highlight the impact of pressure and temperature 
conditions on the synthesized composition of gas hydrates.  Many simulation studies do 
not consider experimental cage occupancy but choose to use 100% occupied hydrates.  
The published compositions which were chosen for this study are important to this work 
because we aim to compare with experimental studies which used those specific 
formation process conditions.  This leads to a complementary suite of investigations, but 
the impact of occupancy should be considered when informing other experiments.   
5x5x5 unit cell configurations, containing 5750 water molecules, were built using the 
ideal proton configuration by Takeuchi et al. with the water molecule bond lengths and 
angles adjusted to follow the TIP4P water potential model.4,26  Guest molecules were 
placed in the hydrate cages randomly, meeting the experimentally determined occupancy 
criteria in Table 1.  CH4 and CO2 Lennard-Jones interaction potentials and partial charges 
were taken from Tse et al.27 and Duan et al.,28 while interactions for host-guest in all 
hydrates and guest-guest in the mixed hydrate were calculated with Lorentz-Berthelot 
combination rules.16,29  H2O, CH4, and CO2 molecules were simulated with fixed rigid 
models, and the water employed the TIP4P water potential model using a long-range 
Coulombic solver.  The employment of classical TIP4P potentials and rigid molecule 
models have been shown to over bind the molecules and produce quantitatively small 
lattice parameters by an average of 1.3%, and the use of quantum corrections has been 
shown to provide better agreement with experimental density.  The potentials and force 
fields used in this study, however, qualitatively reproduce experimental lattice parameter 
trends for the temperatures and hydrate compositions used.11,30   
 
The three hydrate compositions were first modeled using the LAMMPS simulation 
package with the NPT ensemble at 10, 40, 190, and 270 K to determine equilibrium 
lattice parameters for all compositions.31  Pressure was set to 1 atm for the 10, 40, and 
190 K simulations and to stability pressures of 11, 14, and 24 atm for CH4, CO2, and 
mixed CH4-CO2 compositions, respectively, at 270 K as determined from the CSMHYD 
program.1  The resulting lattice parameters were then used for production simulations in 
the NVT ensemble, which were each run with a 0.001 ps timestep for 50 ps for the CH4 
and mixed hydrates and 500 ps for the CO2 hydrate.  A Nosé-Hoover thermostat was used 
to maintain the temperatures at 10, 40, 190, and 270 K with a damping constant of 100 fs 
for all simulations.32,33    
 
The rotational autocorrelation function (RACF) was calculated for the guest and the host 
molecules.  The RACF is calculated as: 
 
𝑅𝐴𝐶𝐹(𝜏) =  〈?⃑?(𝑡 + ) ∙ ?⃑?(𝑡) 〉  (1) 
 
where ?⃑?(𝑡)  is a unit vector defined for the molecule at the time origin and ?⃑?(𝑡 + 𝜏)  is a 













Total fraction  Cages 
occupied  
CH4 CO2 CH4 CO2 CH4 CO2 
100% CH4 0.73 - 0.93 - 0.79 - 0.79 
50% CH4 0.08 0.77 0.54 0.21 0.20 0.63 0.83 





Figure 3-3 shows the orientation vectors which were defined for the H2O, CH4, and CO2 
molecules.  The angled brackets in Equation 1 indicate an ensemble average over all 
molecules 𝑖 of a given type and all times 𝑡 in the simulation.  The RACF for an individual 
molecule can be calculated analogously where the average is only over time origins 𝑡.  
Defined in this way, the RACF corresponds to an average value of cos(), where  is the 
angle between the orientation vectors of a given molecule separated by an elapsed time,  
.  The RACF is bound by 1 (perfect correlation, corresponding to no relaxation when 
=0), and -1 (perfect anti-correlation, corresponding to a rotation of = radians).  As the 
elapsed time   increases, random rotations will cause the RACF to decay to zero, 
indicating that the system no longer has any correlation with its initial state at time origin 
𝑡.  Fitting the decay of the RACF to an exponential function is the most straightforward 
way to provide estimated rotational relaxation times.  In relaxation processes composed 
of multiple modes, such as an oscillatory librational (a repeated rotation slightly back and 
forth) and a slower tumbling (a combination of rotation and translation), multimodal 
models can be used to extract relaxation times associated with each mode.  As guest 
behavior has been shown to vary according to the occupying cage type, separate RACFs 
were generated for CH4 and CO2 in both the LC and SC.  The RACF analysis is further 
broken down by calculating it for the H2O separately on the pentagonal and hexagonal 
cage faces to observe any indication of proton reorientation at the high temperature 
simulations. 
Results and Discussion 
CH4 dynamics in CH4 and mixed hydrate 
The RACF for a molecule is calculated from ?⃑?(𝑡 + )  and 𝑢(𝑡) .  This time correlation 
function accounts for molecular motion over an elapsed time period, not in simulation 
time.  During the calculation of this function, however, the time behavior of the 
instantaneous orientation angle cos() of a single molecule 𝑖 at time 𝑡  with itself at time 
𝑡  can be plotted.  Figure 3-4 provides the time dependence of the  angle of a 
randomly selected single LC CH4 molecule in CH4 hydrate at 40 and 270 K over 2000 fs 
of simulation.  At 40 K, the molecule moves fully between 0 and pi, while at 270 K its 
movements have amplitude and higher frequency embedded in its motion from 0 to pi.  
This single molecule example indicates that the CH4 at 270 K has more oscillatory 
motion than at low temperature.  The angle  is accounted for in the RACF for all 
molecules and all periods of time elapse 
 
The rotation angle in Figure 3-4 only represents a single randomly chosen molecule from 
the hydrate systems, but all enclathrated molecules throughout the crystal may behave 
differently.  Cage shape, guest type, and neighboring guest type or vacancy can impact a 
molecule’s movement.   RACF analysis can extract more meaningful information than 
simply analyzing rotation angles. Like the mean-square displacement, the RACF is a 
single-molecule self-correlation function and it is computed for each molecule, but 
typically only the RACF averaged over all molecules is reported.  Additional information 




Figure 3-3. The rotation angle  of a single CH4 molecule with reference to itself 





Figure 3-4. Two in-plane vectors are defined to calculate the H2O RACFs, along a 
vector that bisects the H-O-H angle and along the H-H vector (a).  The guest vectors 





In Figure 3-5, both averaged and individual RACFs for all 547 LC CH4 molecules are 
plotted at 10, 40, 190, and 270 K.  It should be noted that CH4 rotational motion at 10 K 
is substantially a quantum rotation, as shown by Tse et al17 and Casco et al.18, and this is 
not described in these classical simulations.  Casco et. al18 found via in situ inelastic 
neutron scattering experiments of CH4 hydrates from 5-40 K that CH4 quantum rotations 
transitioned to classical rotations by 40 K.  Therefore, the bulk discussion of CH4 motion 
will focus on the temperatures from 40 K and above.  Individual molecules show a large 
distribution in relaxation time and degree of relaxation around the average at 10 K.  At 40 
K, the distribution is narrower, but gains some outliers and variation with temperature at 
190 K.  This demonstrates that there is greater disparity in mobility in enclathrated CH4 
dynamics with temperature.  By 270 K however, the individual RACFs are again closely 
distributed around the average, suggesting that CH4 molecules have uniform motion in all 
LCs.   
 
Histograms of the probability distributions of relaxation times for the CH4 molecule in 
the LC are shown in Figure 3-6.  Here, a larger range is observed for 10 K CH4 molecules 
than it is for the other temperature simulations.  The 40 K simulations show the narrowest 
distribution.  Similar distributions are observed for 190 and 270 K, but the distribution at 
190 K is slightly broader, as is consistent with the visualization of the individual RACFs 
in Figure 3-5.   
 
Average RACFs for the CH4 guest in the LC and SC of CH4 and mixed hydrates are 
plotted in Fig 3-7.  Here, it is seen that the CH4 in both cages and compositions has much 
slower rotational motion in the 10 K simulations than in the 40, 190 and 270 K 
simulations.  This is consistent with previously published descriptions of the enclathrated 
CH4 molecule, which is expected to be nearly, but not completely, freely rotating even at 
low temperature.3,16  The RACFs for CH4 at 10 K do decay to zero within the 5000 fs 
timescale of the simulations in this study, so the molecule fully rotates, but more slowly 
than at high temperature (again,this temperature neglects important quantum effects).  
Jiang et al.16 found that at 30 K the CH4 molecule showed two modes—a fast initial 
decline similar to a free molecule, followed by a slower decay, which is comparable 
behavior to the 40, 190 and 270 K simulations in this study.  Due to the oscillatory 
behavior of the RACFs at smaller time elapsed, seen in Figure 3-7, a bimodal function 
was used to fit the curves to determine relaxation times and describe molecular motion.  
An oscillatory motion in which the molecule does not fully rotate and a full rotational 
relaxation time can be extracted from the RACFs by fitting the model 
 
𝑅𝐴𝐶𝐹 = 𝑘 cos 𝜔 𝑡 𝑒𝑥𝑝 +  𝑘 𝑒𝑥𝑝  (2) 
 
where 𝑘 and 𝑘  are pre-exponential factors which sum to 1, 𝜔 is the frequency of the 
oscillatory mode, 𝜏 is the relaxation time of the oscillatory mode, and 𝜏 is the 
exponential relaxation time.  At 10 K in Figure 3-7, the slope of the RACF is primarily 
characteristic of one slow rotational mode for the CH4 molecule, however, there is a clear 




Figure 3-5. RACFs for individual LC CH4 molecules in the CH4 hydrate at 10 (a), 40 























Figure 3-7. Rotational autocorrelation functions for CH4 in pure CH4 (solid lines) 





Table 3-2 lists the oscillatory factor, frequency, and relaxation times, and the exponential 
relaxation times for SC and LC CH4 molecules in CH4 and mixed hydrate at each 
temperature, as determined by fitting Equation 2 to each RACF to 5,000 fs for the CH4 
and mixed hydrates.  Figure 3-7 and Table 2 both show that the CH4 oscillation becomes 
faster with increasing temperature, but that the rotational relaxation becomes slower from 
40 to 270 K as indicated in Figure 3-4.  This is because with increased temperature, the 
CH4 rotational energy increases, but so do the vibrations and motions of the surrounding 
molecules in the hydrate system.  At 40 K, motions of the hydrate cages and neighboring 
CO2s (in the mixed case) are essentially frozen and have little impact on the encaged 
CH4, but at higher temperature CH4 rotations are slowed by the molecule’s environment.   
 
The difference in rotational relaxation as a function of cage type is also observed in 
Figure 3-7 and Table 3-2.  In both the single component and mixed hydrates and at 10 
and 40 K, the relaxation of CH4 is slower in the SC than in the LC. The higher 
temperatures, however, exhibit faster relaxation times in the LC, as listed in Table 3-2.  
This cross-correlation between cage type and temperature is observed in both pure CH4 
and mixed hydrates.  The impact of temperature, composition and cage type is also 
apparent when these results are represented as an Arrhenius plot in Figure 3-8.  This plot 
relates to the standard model of activated motion, 
 
𝑟 = 𝑘 exp −   (3) 
 
where 𝑟 is the rate of rotation or   as determined from Equation 2, 𝑘  is the prefactor 
containing the entropic contribution to the rotation barrier, 𝐸  is the activation energy of 
the rotation, and 𝑘  is Boltzmann’s constant. The overall CH4 trend shows that at low 
temperature, hydrate guest composition and cage size have minimal impact on the CH4 
rotational relaxation time, but as temperature increases the LC CH4s in both compositions 
are the most affected.  Notably, Figure 3-8 exhibits a negative slope for the CH4 
molecules.  In a multimodal model of relaxation, each mode may have separate 
temperature dependence.  We observe in the CH4 case that the fast librational motion, as 
described by the oscillatory mode, becomes faster with increasing temperature.  The 
rotational relaxation time, however, decreases with increasing temperature.  A positive 
correlation between rate and temperature is readily captured with an Arrhenius model and 
yields a positive activation energy.  The modest negative slope seen for CH4 in Figure 3-8 
means that there is a temperature dependence in the 𝑘  the prefactor, which captures the 
entropic contribution to the reaction process.  Since the entropy is proportional to the 
logarithm of the molecule’s enclathrating volume, a reduction of accessible volume 
would result in a slower rate or rotation.  Physically, the reduction in volume is attributed 
to increasing vibration of the host H2O molecules.  Increase in thermal vibration of the 
hydrate lattice results in the observed slowing of CH4 tumbling.   This effect is observed 
in the H2O RACFs in the last section of this discussion which addresses the dynamics of 
the H2O lattice.  The rate of rotation of CH4, which is observed in literature as a freely 
tumbling (i.e. no activation barrier) molecule,18,19 is seen to decrease at high temperature 











Table 3-2. CH4 relaxation times (1 and 2), in fs, determined from fitting Equation 2 
to the RACFs. 
CH4 SC LC 
 k1/1/1 2 RMS k1/1/1 2 RMS 
10 K pure 0.19/ 64.7/ 25.2 838 0.015 0.37/ 67.1/ 0.01 401 0.008 
mixed 0.53/ 377/ 0.00 3670 0.025 0.64/ 133/ 0.00 1060 0.032 
40 K pure 0.38/ 57.1/ 0.05 62.9 0.010 0.41/54.5/0.05 61.1 0.009 
mixed 0.36/ 1.59/ 0.05 66.1 0.011 0.41/ 54.8/ 0.05 65.5 0.015 
190 K pure 0.68/ 20.6/ 0.10 102 0.008 0.71/ 19.9/ 0.10 185 0.007 
mixed 0.66/ 21.6/ 0.10 89.1 0.010 0.71/ 20.3/ 1.02 148 0.015 
270 K pure 0.69/ 17.9/ 0.12 106 0.008 0.70/ 18.7/ 0.12 149 0.008 


























Figure 3-8. Arrhenius plot comparing rate, or rotational relaxation time against 
temperature.  For CH4 and CO2 in the SC and LCs of pure and mixed hydrates.  




CO2 dynamics in CO2 and mixed hydrate 
Individual pure hydrate LC CO2 RACFs and the average RACFs are plotted in Figure 3-9 
for 10, 40, 190, and 270 K.   At 10 K the average RACF reaches a plateau near 1, 
indicating very limited relaxation, but the distribution of individual molecules shows that 
a small portion of CO2 molecules have greater rotations.  LC CO2 molecules at 40 K also 
have a very high average RACF plateau showing limited motion, however, the individual 
molecules have the widest distribution spread of all temperatures: from -1 to 1 after 
almost 30,000 fs.  An RACF plateau at -1 can represent a full rotation, but the molecule 
has not forgotten its original orientation until its RACF converges to zero.  Unlike CH4 
RACFs in Figure 3-5, there is not a large and uniform distribution around the average 
RACF at 10 and 40 K and CO2 molecules, for the most part, have very slow motions.  
When temperature is increased to 190 and 270 K, the distribution narrows and LC CO2 
molecules rotate rapidly as the RACFs converge to zero within the 50 ps simulations.  
This distribution is also expressed with histograms of relaxation times for 190 and 270 K 
in Figure 3-10.  The 10 and 40 K histograms are excluded from Figure 3-10 because their 
relaxation times are estimated to be on the order of 105 ps due to the slower molecular 
rotations at this temperature.  Figure 3-10 shows the histograms for 190 and 270 K, 
where the distribution for 270 K is only slightly narrower than that for 190 K.  There is a 
greater change with temperature in distribution of relaxation times of CO2 than was 
observed for the CH4 molecules.    
 
Average RACFs for CO2 in single-component and mixed hydrate at 10 K, which do not 
correspond to a freely rotating molecule, can be seen in Figure 3-11 a.  The RACF decays 
from 1.0 to values greater than 0.95 in the timescale reported, corresponding to an 
average rotation angle of about 18.  This limited relaxation corresponds to relatively 
small amplitude oscillations about fixed orientations.  Despite the individual molecule 
RACFs in Figure 3-9 a, where some molecules exhibit rotations as great as 41 (where 
the RACF plateaus to ~0.75), which contribute to the average RACF, most molecules in 
these hydrates have very limited motion.  The motions of enclathrated CO2 at 40 K in 10 
b have slightly higher, but still limited motion.  At 190 and 270 K, the RACFs in 10 b 
have even more motion than at 10 and 40 K.  Higher temperature CO2 RACFs in Figure 
3-10 b show the molecules are not fixed as they are at 10 K and all decay to zero with 
relaxation times, listed in Table 3-3, on the same order as those of CH4.  Equation 2 was 
also used to fit the CO2 RACF curves over the 5,000 fs mixed hydrate simulations and 
the 50,000 fs CO2 hydrate simulations to quantify oscillatory, or librational motion of the 
molecule, and to determine the rotational relaxation times.  Fitting the CO2 RACFs with 
Equation 2 revealed that oscillatory and exponential multimodal analysis is not 
appropriate for the CO2 molecule at all temperatures.  A bimodal oscillatory and 
exponential curve was fit to the CO2 molecules in both cages and compositions at 10 K.  
The oscillatory mode at this temperature has a very small contribution, about 1-3%, as 
listed in Table 3-3, and is faster in the SC than in the LC.  This oscillation is due to the 
molecule librating on its position without full rotation.  The CO2 motion in both 
compositions loses its oscillatory character at 40 K, where a bimodal fit with two 





Figure 3-9. RACFs for individual LC CO2 molecules in the CO2 hydrate at 10 (a), 40 


























Figure 3-11. CO2 RACFs at 10 K (a) and all temperatures (b).  The dashed lines 























Table 3-3 CO2 relaxation times (1 and 2), in fs, determined from fitting Equation 2 
to the RACFs. 
CO2  SC LC 
k1/1/1 2 RMS k1/1/1 2 RMS 
10 K pure 0.01/ 35.0/ 0.03 5.05E+
11 
0.001 0.03/ 216/ 0.00 2436000 0.001 
 mixed 0.01/ 60.3/0.03 504500 0.001 0.03/ 112/ 0.00 140700 0.002 
40 K pure 0.06/ 69.7/ 0.00 139200
0 
0.004 0.38/ 1560/ 0.00 187000 0.016 
 mixed 0.12/ 122/ 0.00 13200 0.010 0.35/ 232/ 0.00 2920 0.007 
190 K pure mode not 
present 
470 0.023 mode not present 87.0 0.005 
 mixed mode not 
present 
150 0.027 mode not present 88.0 0.013 
270 K pure mode not 
present 
180 0.015 mode not present 51.0 0.007 
 mixed mode not 
present 





Listed in Table 3-3, the faster exponential mode is very fast, on the scale of 101-102 fs, 
and has a very small contributing factor,  This result indicates that at 40 K, CO2 some 
rotational relaxation times are much faster than at 10 K and a small portion molecules 
may achieve rotation, but the substantial contribution to rotational motion is very slow.  
40 K is a high enough temperature to initiate CO2 rotations, but still cold enough that the 
relaxation time is at least two orders of magnitude slower than CH4.  At 190 and 270 K, 
only one exponential mode describes the CO2 RACF, and relaxation time increases 
monotonically to values similar to CH4 at 190 and 270 K.  Guest type comparisons may 
also be observed in the relaxation time histograms in Figs. 6 and 10, as CO2 relaxation 
times have a narrower distribution at 190 and 270 K than CH4 in the LC.  This is because 
CO2 molecule, which has a permanent quadrupole moment leading to strong interactions 
with host, has motion impacted more strongly surrounding H2O cages, while CH4 is more 
freely rotating in the cages and interacts less strongly with surrounding H2O molecule. 
 
The effect of cage type on the relaxation of CO2 molecules in hydrates is also 
investigated with RACFs.  The oscillatory motion at 10 K and the fast rotation at 40 K 
are both faster in the SC than the LC due to limited space to fully rotate.  At all 
temperatures, CO2 motion in SC is slower than that in LC for both pure CO2 and mixed 
hydrates.  This is consistent with the behavior of CH4 at 10 and 40 K, but not at higher 
temperatures.  The reversal of the behavior in CH4 was attributed to a significantly higher 
(by a factor of 2-3) activation energy in SC.  For CO2, the activation energies (listed in 
Table 3) in SC and LC are within 10% of each other.   
 
The effect of guest composition on the relaxation of CO2 guest molecules in gas hydrate 
is seen in the average RACF curves, which have a steeper slope and lower plateaus 
(Figure 3-11).  The relaxation times, determined from fits listed in Table 3-3, convey that 
at 10 and 40 K in both SC and LC, CO2 relaxation occurs on a shorter time scale in the 
mixture.  This does not hold at 190 and 270 K in the LC where CO2 relaxation is 
unaffected by guest composition.  SC relaxation time at 190 K, conversely, occurs three 
times faster in mixed than in pure hydrate but is only 30 ps faster in mixed hydrate at 270 
K.  Since the CO2 behavior seen in Figure 3-8 shows a positive slope, indicating positive 
activation energy, it is reasonable to apply Equation 3 to investigate activation energy 𝐸  
and rotation prefactor 𝑘  in CO2 hydrate as a function of cage size and temperature. It 
should be noted that calculation of activation energies would be more accurate with more 
temperature data points. This limited temperature set establishes trends between many 
variables which arise across the temperatures, compositions, and cage types in this study.  
Activation energy 𝐸  and the 𝑘  are listed in Table 3-4, it is seen that in both pure and 
mixed hydrate 𝑘 ,  < 𝑘 ,   and 𝐸 ,  > 𝐸 , .  Unlike the CH4 case, 𝐸  for CO2 is less 
dependent on temperature and volume.  This is due to the larger potentials which describe 
CO2 and cause it to interact with the host lattice differently than the CH4.  The 
dependence of 𝑘  on guest composition illustrates the importance of the CO2-hydrate 
framework interaction energy and the sensitivity of this interaction to the local 
environment induced by the guest species, primarily as mediated through changes in the 
framework.  As the Arrhenius plot in Figure 3-8 showed the CH4 as being minimally 
affected by guest composition, the CO2 relaxation times differ by orders of magnitude 
65 
 
over cage type and composition at low temperature.  At the highest temperature, the 
effect of composition decreases as the rotation times by cage type converge for both 
compositions.  This emphasizes the greater impact that higher temperature has on CO2 
motion than on CH4. 
 
In published experimental and computational work, CO2 trapped in the hydrate has been 
shown to orient in an oblate shape in the plane parallel to the hexagonal faces of LC and 
in a much more restrained plane in SC.6,11,12,22  The previous energetic and structural MD 
study of mixed CH4-CO2 hydrates prior to this work produced density distribution maps, 
shown in Figure 3-12 k,l, of CO2 in LC and SC.  These maps visualized this orientation 
and suggested constrained rotational motion of CO2 at 10 K.11  Constrained motion at low 
temperature about the plane parallel to the LC hexagonal face was also observed in MD 
simulations and confirmed by NMR experiments by Alavi et al.19 The study of mixed 
hydrates by Cladek et al.11 also found that in mixed CH4-CO2 hydrates, the CO2 molecule 
oriented in an additional position normal to this plane of motion and the hexagonal faces, 
in Figure 3-12 h,i.  The distribution maps are averaged over the whole simulation time 
and configuration and show the molecule as locked into that position with less freedom 
and a more discrete distribution than in pure CO2 hydrate.  Time dependent analysis of 
the rotation angle, , with reference to the simulation box, is plotted in Figure 3-13 for 
LC CO2 in both mixed and pure hydrates at 10 K.  The amplitudes seen in the randomly 
selected individual CO2 molecules from each system show that CO2 is more likely to 
rotate with greater motion in mixed hydrate than in pure CO2 hydrate which oscillates 
closely around the same  over the simulation.  The molecules, therefore, have preferred 
orientations but fast motions in between those orientations which are lost in time 
averaged analyses.  The compositional dependency of CO2 motion is more significant 
than that of CH4.  The faster rotational motion of CO2, lower activation energy, and the 
additional orientation seen in Figure 3-12 h,i in mixed hydrate are all results of the guest  
composition.  The CO2 motion and orientation is impacted by the mixed presence of CH4 
molecules and vacancies in neighboring cages which changes the interaction environment 
for the guest.11 
 
Dynamics of the host lattice 
The gas hydrate water lattice proton configuration is locked in at low temperature.  As 
temperature rises the water molecules begin to rotate, eventually initiating a full proton 
reconfiguration of the water lattice.23  It is also suggested that the activation energy for 
this rotation will be lower for H2O molecules on the pentagonal cage faces than the 
hexagonal faces, but that the MD investigation of this effect is prohibitive because proton 
reorientation occurs on microsecond scales.4   Regardless, the RACFs were calculated for 
H2O molecules in all simulations to investigate the effects of guest composition on the 
host lattice and to explore for some evidence of water flipping in high temperature 
simulations.  H2O RACFs were calculated for the pentagonal and hexagonal faces for two 
distinct rotations illustrated in Figure 3-3 a.  Figure 3-14 shows these RACFs for the 
rotation about an axis parallel to the H-H vector on the pentagonal face for all simulated 
hydrate compositions and temperatures.   
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Table 3-4. Activations and rate constants for CH4 and CO2 molecules determined 




Small Cage Large Cage 
Pure CO2 hydrate Mixed hydrate Pure CO2 hydrate Mixed hydrate 



































Figure 3-12. Density distributions visualized from MD trajectories at 10 K for CH4, 






















Figure 3-13.  rotation angle for LC CO2 in CO2 and mixed hydrate at 10 K for two 























The RACFs at all temperatures and compositions never fully decay because the only 
motion of H2O molecules throughout the systems is librational about the O position.  It 
can be observed in Figure 3-14, however, that the RACF plateau values decrease with 
increasing temperature and as the fraction of CO2 increases in the hydrate.  The increased 
movement with temperature is expected due to thermal motion, but the increased 
movement with CO2 guests is indicative of the interactions between the guest molecule 
and the host.  The O of CO2 interacts strongly with the water lattice and makes weak 
hydrogen bonds with the protons.  Dynamics between the host and the guest increase as 
temperature increases; CO2 is rotating more freely, and its impact on the water lattice 
increases.   
 
To investigate the difference between motions of water molecules in the pentagonal and 
hexagonal cage faces, both averages and individual molecule RACFs are plotted for H2O 
molecules.  As previous studies and fluctuations in RACFs suggest, there is significant 
short-range disorder throughout the hydrate system.  RACFs were further decomposed 
into individual molecules to identify outliers.  Although the average RACFs for all 
molecules is the most statistically relevant to the system properties, individual motions 
may shed some light on phenomena that gets buried in the large amount of data 
associated with many atoms and timesteps.  The individual RACFs for the hexagonal and 
pentagonal waters are shown in Figure 3-14 to demonstrate that there is more motion in 
the pentagonal face, as suggested by Takeuchi et al.,4 and that there is flipping of 
individual H2O molecules.  In this case, a water flipping event results in an energetically 
equivalent configuration since only the positions of the two hydrogen atoms of a water 
molecule have been exchanged.  Plotted RACFs of individual H2O molecules in Figure 3-
15 a reveal five pentagonal face molecules which flipped hydrogen atom configurations 
during extended simulations (500 ps) of CO2 hydrate at 270 K, while no such flipping is 
observed for hexagonal face water molecules in Figure 3-15 b.   As these simulations are 
not long enough to observe a full reconfiguration throughout the 5750 molecule H2O 
lattice, this observation is promising motivation for future work of long timescale MD 
simulations or other experiments.   
Conclusions 
  The impact of guest composition and temperature on the rotational dynamics of the 
guest and host molecules in CH4-CO2 hydrates was investigated using RACF analysis of 
MD simulations.  Three hydrate compositions, CH4, CO2, and mixed CH4-CO2 were 
simulated at 10, 40, 190, and 270 K.  At 10 K, CH4 rotated in a constrained motion in 
both LC and SC, but more strongly constrained in SC.  The CO2 RACFs at low 
temperature do not exhibit significant decay, suggesting that CO2 is almost completely 
locked into its orientations at 10 K.  CH4 is nearly freely rotating at 190 and 270 K, where 
its RACF in all compositions and cages shows a fast initial exponential decay followed 
by a longer decay.  The CO2 SC RACF shows the highest degree of constraint at 190 K, 
but the LC at 190 K and both cages at 270 K have very similar relaxations.  With a single 
exponential decay, enclathrated CO2 molecules only have one rotational motion which is 




Figure 3-15. RACFs for each individual pentagonal (a) and hexagonal (b) face H2O 
rotation about an axis parallel to the H-H vector in CO2hydrate at 270 K show 




Mixed CH4-CO2 hydrates hinder the CH4 molecule compared to the pure composition, 
while CO2 in this system has more freedom and faster relaxation time.  This rotational 
motion reflects the additional orientation that CO2 has been shown to occupy in previous 
experiments and simulations.  The impact of the CO2 guest on the host lattice is seen as 
the H2O RACFs exhibit greater motion when the presence of CO2 is increased in the 
hydrate.  In the CO2 hydrate at 270 K, RACFs of individual H2O molecules on the 
pentagonal cages faces begin to flip.  As the host proton reorientation phenomena is 
believed to occur on a much longer timescale of these simulations, only a few molecule 
reorientations occur.  Classical MD simulations neglect quantum effects which are 
important to clathrate rotational dynamics at low temperature.  Future work will 
investigate these hydrate compositions with inelastic neutron scattering experiments and 
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CHAPTER 4  
LOCAL STRUCTURE AND DISTORTIONS OF MIXED CH4-CO2 
HYDRATES AT 10 K  
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Abstract 
A vast source of CH4 is found in gas hydrate deposits, which form naturally dispersed 
throughout ocean sediments and arctic permafrost.  CH4 may be obtained from hydrates 
by exchange with hydrocarbon byproduct CO2.  It is imperative for the development of 
safe CH4 extraction and CO2 sequestration to understand how CH4 and CO2 co-occupy 
the same hydrate structure.  Pair distribution functions (PDFs) provide atomic scale 
structural insight into intermolecular interactions in CH4 and CO2 hydrates.  We present 
experimental neutron PDFs of CH4, CO2 and mixed CH4-CO2 hydrates at 10 K analyzed 
with classical molecular dynamics simulations and Reverse Monte Carlo fitting.  Mixed 
hydrate, which forms during the exchange process, is more locally disordered than CH4 
or CO2 hydrates.  The behavior of mixed gas species cannot be interpolated from 
properties of pure compounds, and PDF measurements provide important understanding 
of how the guest composition impacts overall order in the hydrate structure.   
Introduction 
Gas hydrates form in natural settings including ocean floor and sub-surface permafrost 
deposits when water is in the presence of a gas, such as CH4, under relatively modest 
pressures and low temperature conditions.  These non-stoichiometric compounds are a 
hydrogen-bonded water framework which crystallize as a clathrate cage host structure 
around occluded guest molecules, primarily CH4.1-3  Gas hydrates are high density 
sources of CH4 and accessible deposits contain an estimated 3000 trillion cubic meters of 
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fuel.2,4  CH4 may be produced from deposits via dissociation (warming or 
depressurization) or exchange with CO2.  The latter method can potentially stabilize and 
maintain natural deposits while sequestering the hydrocarbon byproduct.4,5  As 
thermodynamic predictions, molecular dynamics simulations and in situ diffraction 
experiments demonstrate, a gas hydrate with partial replacement of CO2 for CH4 forms 
and is more stable at higher temperature and lower pressure than a pure CH4 hydrate.1,3 
This attribute led to a field study in the Alaskan North Slope which demonstrated that 
CH4 can be collected from a hydrate deposit by exchange with CO2.  The field study, 
however, did not achieve a complete exchange and resulted in a mixed hydrate deposit.5  
Guest-host interactions of the CH4, CO2, and mixed CH4-CO2 hydrate structures need to 
be thoroughly deciphered in order to improve predictions of how to achieve a full CH4-
CO2 exchange and to confirm the stability and safety of the altered deposit with mixed 
CH4-CO2 or pure CO2 hydrate.   
 
Three clathrate structures have been observed for natural hydrates, however, the sI 
hydrate structure is the most relevant to the formation conditions of accessible CH4 
hydrate and therefore our focus in structural studies.1,3,4 The average crystal structure of 
sI CH4 and CO2 hydrate has been well characterized with diffraction,6-11 spectroscopy,12-
15 molecular dynamics simulations,16-23 and density functional theory calculations,11,24-26 
which suggest a high degree of disorder within the crystal.  This disorder is evident in the 
crystallographic model of sI CH4 hydrate which requires four partially occupied proton 
positions for each H2O molecule and many positions to represent the unbonded, freely 
rotating CH4 or partially constrained CO2 molecules.27  The intermolecular interactions 
that result in structural disorder are frequently studied with pair distribution functions 
(PDFs) calculated from simulated atomic models.18,22,23,28-30  Computational studies 
suggest that mixing guests in the hydrate structure impacts the guest-host (CH4 or CO2 – 
H2O), guest-guest, and host-host PDFs.  CH4 is found to have weaker interactions with 
the host, providing a more ordered lattice while CO2 interacts strongly with the host and 
other guests, leading to disorder.18,21  Complementary local structure experiments 
investigating the impact of CH4, CO2, and their mixture on the structure and stability of 
gas hydrates have not been reported to the best of our knowledge.  In fact, there are only 
three published neutron PDF experiments involving gas hydrates which demonstrated 
limited PDF resolution due to instrumental capabilities.31-33  Here, we present neutron 
PDF data for CH4, CO2, and mixed CH4-CO2 hydrates measured at 10 K using time-of-
flight neutron powder diffraction.  Detailed analysis of this data was achieved using 
combined molecular dynamics and Reverse Monte Carlo simulations to model the 
neutron PDF data.  Our analysis provides a path to observe the short-range interactions of 
CH4 and CO2 guest molecules with their host hydrate structure and how mixing guest 
molecules impacts stability.   
Results and Discussion 
Fitting Neutron PDF Data  
The interpretation of PDFs obtained from neutron scattering experiments of complex 
materials requires atomic scale computational modeling.  In this work, classical 
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molecular dynamics (MD) simulations of rigid molecules provide an initial structural 
guess, which we fit with Reverse Monte Carlo (RMC) simulation to more accurately 
explain the PDF data.  We approach this data analysis with a combination of MD models 
and optimization through RMC, which incorporates both physical constraints and 
experimental observation.  Our goal is to provide a descriptive insight into neutron PDF 
data with features arising from multiple species, in this case, CO2, CH4 and water.   
 
Neutron PDFs are calculated from large-box (~20,000 atom) models relaxed with MD 
simulations, plotted in Figure 4-1 a, c, and e, and compared with the neutron PDF data. 
These model and data comparisons demonstrate that the MD simulation does not fully 
describe the local disorder in the pure CH4, pure CO2, or mixed CH4-CO2 hydrate 
systems, as the simulated peaks are noticeably too sharp and narrow.  Although the MD 
PDFs do predict peak locations and provide a qualitative model of the local order in the 
three hydrate systems, the peak widths and shapes do not fit the data.  They do not 
capture the degree of disorder, which represents differences in guest-host interactions 
across the compositions.  We implement RMC simulations for further fitting with 
RMCProfile.  This program is designed for PDF analysis of disordered crystal and 
amorphous structures, applies chemical and physical constraints to fit a large-box model 
to neutron PDF data.34  Figure 4-1 a, c, and e, demonstrate the improvement achieved 
when the relaxed MD model for each system is fit to the data with RMC modeling.  A 
dramatic improvement in model to data fit is achieved using RMC for all cases: CH4, 
CO2, and mixed CH4-CO2 hydrates, with a small oscillating difference between the RMC 
model and the experimental data beyond 2 Å.  Pair distances in the 2-10 Å region are the 
most interesting PDF features for these systems, where CH4-CO2 composition has the 
most measurable impact on guest-host and host-host interactions. 
 
The overall lack of disorder in the MD model is the primary source of misfit in Figure 4-
1 for the atomic separations above 2 Å.  We might suspect the rigid intramolecular 
potentials that were used in the MD simulations as the main culprit, but the improved fits 
are achieved with RMC constraints which emphasize intermolecular distance relaxations.  
This is seen, as the greatest RMC-data difference is below 2 Å for all three hydrate 
systems, where the strictest constraints were applied.  We did not pursue further 
adjustment of the intramolecular bonds to improve this low r region or the weak 
oscillations in the RMC/data difference from 2-25 Å, because this risks overfitting and 
pushes the limitations of the data.  Physical constraints are implemented in our RMC 
simulations to introduce flexible intramolecular bonds, to prevent unphysical overlap 
between atoms, and to maintain ice rules for hydrogen-bonding in the hydrate host lattice.   
 A comparison of structural snapshots from the MD and RMC simulations visualize the 
structural relaxation missing in MD simulations.  The models for all three hydrate 
compositions, drawn in Figure 4-1 b, d, and f, corresponding to the MD model (bottom) 
and the RMC fit structure (top), show that the crystal structures are maintained while 
there is an increase in local disorder of atomic positions.  This short-range analysis 
provides characterization of the local disorder in crystals which is not generally observed 




Figure 4-1. Neutron PDF data and models. Comparison of experimental neutron 
PDF data with MD modeled PDF (bottom) and the model fit to the data with RMC 
(top) with corresponding difference patterns for CH4 (a), CH4-CO2 (c), and CO2 
(e) hydrates.  The overall disorder that RMC models (b, d, f top) calculate is also 




Achieving PDF analysis of these experimental data enables the investigation of the short-
range interactions in these hydrates which drives varied thermodynamic behavior across 
the three solid solution compositions. 
Host-Host Interactions 
Once a good fit to the neutron PDF is achieved, we isolate contributions from atom types 
by calculating radial distribution functions (RDFs) from simulations of the fit models.  
Radial distribution functions (RDFs) are calculated from MD simulations and the RMC 
fits for analysis of individual species pair distances in the pure CH4, CO2, and mixed 
CH4-CO2 hydrate structures to discern which molecular interactions define the three 
hydrate systems.  RDFs calculated from atomistic simulation versus RMC fits to 
experimental data highlight the features that are not captured in the MD simulation.  
Specifically, host-host, guest-host, and guest-guest intermolecular interactions are 
compared for the two guest and cage types for both CH4 and CO2 hydrates and mixed 
CH4-CO2 hydrate via the RDFs calculated from RMC fits.  The total neutron PDFs in 
Figure 4-1 (a, c, and e) exhibit more disorder in the experimental models than the MD 
models, so the species-specific RDFs can indicate what interactions lead to that disorder. 
 
Host-host intermolecular interactions are most clearly described by the Owater-Owater 
RDFs, which are used to measure distortion in the host lattice.  RDFs from the fits to 
neutron data and MD simulations for the pure CH4, pure CO2, or CH4-CO2 mixed hydrate 
samples which compare the impact of guest composition on the hydrate host lattice are 
shown in Figure 4-2 a.  Structures of large and small cages selected from the large-box 
models are shown in Figure 4-2 b and c to visualize the MD and the experimental results.   
The RDF peaks in Figure 4-2 a, which measure Owater-Owater pair distances for the D2O 
molecules that form hydrate cages, are more distorted in the experiment than MD models 
predict and are generally wider, shorter, and not normally distributed.  Analysis of the 
experimental data shows that the first nearest neighbor Owater-Owater peak, at 
approximately 2.8 Å, is much broader than MD simulations indicate.  Instead of 
normally, tightly distributed distances, the O pairs distribute from 2-3.25 Å with an 
average of 2.7 Å and a defined high-r shoulder at 3.2 Å.  The mixed CH4-CO2 hydrate 
also has a low-r shoulder due to some shortening of pentagonal face edges.  This detail, 
in combination with the smeared peak shape as r increases, indicates that the hydrate 
lattice is the most disordered for a guest composition of mixed CH4-CO2.  We can 
visualize a large and small cage extracted from experimental fits in Figure 4-2 c to show 
that mixed CH4-CO2 hydrate cages are the most distorted.  Since these compositions 
follow experimental occupancy, some CH4 and the mixed CH4-CO2 hydrate cages are 
vacant.  The cages drawn in Figure 4-2 b and c were chosen as ones where the large cage 
is occupied by a CO2 and the small cage is occupied by a CH4.  The imbalance of guest 
molecule shape and interaction potential in the mixed hydrate system clearly leads to 




Figure 4-2. Host-Host RDFs. (a) RDFs calculated from MD simulations (dashed 
lines) and RMC fits to neutron data (solid) for the Owater-Owater pair distances for 
observing the impact of guest molecule on cage distortion.  (b) A large and small 
cage pair before RMC and (c) after RMC fit to data showing distortion in the cages 
as observed with neutron PDF data.  The distortion of the cages is the most extreme 




Guest-Host Interactions  
A range of cage filling results have been predicted and observed for hydrates synthesized 
with CH4 or CO2 as the feed gas under varying pressure-temperature conditions and 
synthesis procedures.  At 10 K, despite the larger size of the CO2 molecule, hydrate with 
CO2 as a guest has a smaller lattice parameter and CO2 will preferentially fill the large 
cage over CH4.3,7   
 
Local structure analysis of the guest-host RDFs in Figure 4-3 lead to an understanding of 
how the guest molecules in different compositions interact with the host and affect cage 
filling, formation, stability, and decomposition behavior.3,7,18  RDFs corresponding to the 
CO2 molecule center (the central C) for pure CO2 and mixed CH4-CO2 hydrates are 
plotted in the top row of Figure 4-3 for the large cage (a) and small cage (b).   
 
The first peak for the Owater-CCO2 pair distances is centered around ~4.5 Å for both 
compositions, but the mixed hydrate has a distinct split and is wider.  The CO2 guest in 
the mixed hydrate is located at more distinct positions than in the pure CO2 hydrate, 
where the molecule is primarily centrally located in the cage.  Overall, though, the guest 
RDF peaks in the large cage show that the local guest-host structure of CO2 in mixed 
hydrate is more disordered.  This will impact stability upon heating and suggests that 
host-CO2 interactions in mixed hydrate are more favorable than in pure CO2 hydrate.  In 
the small cage (Figure 4-3 b) the position of the molecule center is essentially the same in 
both compositions.  The CH4 molecule in CH4 and mixed hydrate systems occupies a 
tighter distribution of orientations than CO2.  The Owater-CCH4 RDFs in the middle row 
(Figure 4-3 c and d) are defined by sharper, narrower peaks than in the CO2 hydrate 
cases.  Though the CH4 positions are slightly less ordered in the mixed hydrate 
composition, the CH4 guest has a lower interaction potential with the other molecules in 
the system, is not a polar molecule, and essentially occupies cage centers.  The 
quadrupolar CO2 occupies a more distributed position, especially in the large cage, 
leading to different interaction surfaces with its immediate host lattice D2O neighbors.  
Finally, as CO2 is a linear molecule, the Owater-OCO2 RDFs in the bottom row of Figure 4-
3 (e and f) show that CO2 in both cages approaches the D2O molecules at distances just 
above 2 Å, close enough to form weak hydrogen bonds which result in the distortions 
observed in Figure 4-2 and structural stabilization.  Guest-host distances across the RDFs 
of both compositions show that largest distortion of the local hydrate cage structure 
occurs in the mixed hydrate system.  In this composition, CO2 may be neighbored by 
another CO2, CH4, or a vacancy.  We see that a change in surrounding environment 
allows the molecule to distribute across a broader range of positions and orientations in 
the cages, causing OCO2 to interact more closely with enclathrating D2O molecules.   
 
We can visualize and better understand the RDFs with three-dimensional density 
distributions calculated from MD trajectory frames and RMC fits.  Orientation rotations 
were performed on the large cage guest molecules in order to accurately describe how 





Figure 4-3. Host-Guest RDFs. RDFs to investigate guest-host interactions in three 
hydrate compositions.  Owater-CCO2 RDFs for the large cage (a) and small cage (b) 
CO2 centers and Owater-CCH4 RDFs for the large cage (c) and small cage (d) CH4 
centers indicate that CO2 molecules are not as ordered in their positions as CH4.  
Orientations of the linear CO2 in Owater-OCO2 RDFs in (e) and (f) show that the CO2 




Consistent with former experimental and computational results, the CH4 molecule in both 
the MD and experimental distributions in Figure 4-4 a-f and m-r, respectively, orients 
with a spherical distribution in both the large and small cages.7,18   Previously, the CO2 
molecule was shown to orient in an oblate shape parallel to the hexagonal face of the 
large hydrate cage, along the longer axis.7,10,24,35  Neutron diffraction experiments showed 
this orientation in both pure CO2 and mixed CH4-CO2 hydrate, but MD simulations 
showed that this only held for distributions in the pure CO2 hydrate.   
 
MD simulations in Figure 4-4 h and i show CO2 occupying an additional orientation 
towards the hexagonal face across the short axis of the cage, elaborating on previous 
diffraction studies where this orientation seems to be averaged out in the long-range 
crystallographic analysis.  Neutron PDF analysis allows for direct experimental evidence 
of this local structure for the mixed hydrate.  Figure 4-4 t, u, w, and x provide density 
distributions of the CO2 produced from models of the experimental data, which indicate 
that in mixed CH4-CO2 hydrate the guest in the large cage does occupy additional 
orientations toward the hexagonal face that do not occur in CO2 hydrate.  Experimental 
orientations are not as defined as MD predicts, as might be expected from the trend of 
higher disorder in experimental data seen throughout the model comparisons in previous 
sections.  We do see, however, a low density of orientations pointing directly into the 
hexagonal face and greater distribution of OCO2 positions angling toward that face than in 
the pure CO2 composition where a narrower oblate distribution is occupied.   
 
Discussion  
Guest-host interactions in CH4, CO2, and mixed CH4-CO2 hydrates, as observed by 
experimental neutron PDF analysis, are dependent on guest type and cage filling.  The 
mixed hydrate local structure is more disordered and distorted than the pure CH4 and CO2 
hydrates.  Though these solid solution compositions follow a rule of mixtures for 
crystallographic properties including lattice parameter, the mixed hydrate is the outlier 
when the local structure is inspected.  Large-box models were fit to neutron PDF data for 
CH4, CO2, and mixed CH4- CO2 hydrate powders in order to produce RDFs and density 
distributions for local structure analysis.  CO2, when surrounded by CH4 and vacant 
cages, has the freedom to move into a broader distribution of orientations in the hydrate 
cages.  This is an important detail to consider when attempting a CH4-CO2 exchange, as 
a mixed hydrate will form in the intermediate steps.  RDFs show that the local structure 
of the occluded species in the mixed hydrate clearly does not fall between that in the pure 
CH4 and CO2 hydrates.  Guest molecule interactions with the host lattice cannot be 
expected to behave as an intermediate of pure CH4 and CO2 hydrate, even though 
predicted pressure and temperature of formation from gas and liquid components do.  The 
altered CO2-host local structure and interactions may create a free energy well that 
requires an interruption or increased input to overcome as the disordered positions are 
more closely interacting with the host molecules.  Our analysis approach provides a path 






Figure 4-4. Distribution of CH4 and CO2 in cages. Three-dimensional distributions, 
calculated from the trajectory frames from MD simulations (left) and from the 








Developing these studies allows for investigation into possible remedies to achieve a full 
CH4- CO2 exchange, such as a helper molecule to overcome the energy barrier.5  
Characterization of guest-host structure and interactions leads to understanding of the 
long-term stability of an altered natural hydrate deposit.  We demonstrate that the CH4- 
CO2 guest composition impacts the guest-host interactions in hydrates during static 
temperature measurements at 10 K, implying that these interactions are important in 
formation and decomposition.  Further studies should apply these techniques during those 
reactions if a complete structure-property relationship is to be determined. 
Methods 
Sample Synthesis  
CH4, CO2, and mixed CH4-CO2 hydrate powders were synthesized for the neutron total 
scattering experiments.  1 mg of Pseudomonas syringae 31a, branded as Snomax, was 
mixed with 10 mL D2O for each sample.  Snomax is an ice nucleating protein and has 
been demonstrated to decrease the formation pressure required for gas hydrates.34  A 300 
mL pressure reactor vessel containing the solution and steel milling media was evacuated 
and then pressurized at room temperature with 600 psi of gas. The three samples were 
pure CO2 and CH4 hydrates and mixed CH4-CO2 hydrates where the CH4/CO2 feed gas 
fraction was 0.5/0.5.  For each composition after pressurization the vessel was placed in a 
freezer where the temperature was dropped to 277 K and tumbled periodically for 
approximately seven days. The freezer temperature was dropped to 253 K for at least one 
day to quench the sample after the pressure in the vessel equilibrated.  Hydrate powders 
were collected under a nitrogen atmosphere and stored in vanadium cans in liquid 
nitrogen until the neutron experiments.   
Measuring Neutron Pair Distribution Functions  
Neutron pair distribution function data were collected from CH4, CO2, and mixed CH4-
CO2 hydrate powder samples on the Nanaoscale-Ordered Materials Diffractometer 
(NOMAD) at the Spallation Neutron Source at Oak Ridge National Laboratory.  Samples 
were measured at 10 K in a 50 mm He cryostat.  Vanadium cans containing each sample 
were transferred from the liquid nitrogen storage dry shipper to the cryostat set to 90 K.  
The sample was then held in the cryostat at 90 K to allow any liquid nitrogen to boil off 
before temperature was dropped to 2 K and increased to 10 K.  Data were collected under 
low He pressure at 55 mbar, the working pressure for the cryostat.  Neutron PDF data 
were collected in reciprocal space and Fourier transformed to obtain the real space 
function.  The neutron S(Q)s from 0.6-35 Å-1 were converted in PyStoG35 to the real 
space function using  
 








and the intermolecular bond distances (greater than ~2.5 Å) are emphasized by weighting 
the function as  
 
𝐷(𝑟) = 4𝜋𝑟𝜌𝐺(𝑟) Equation 3 
 
which is the function that was used to fit all neutron PDF data.36,37  
 
Measuring a neutron PDF is achieved by collecting data through a wide range of Q to 
observe Bragg reflections and diffuse scattering, providing a powder diffraction pattern 
for crystal structure analysis.  Rietveld refinements of the Bragg data to confirm the 
hydrate structure, obtain average composition and lattice parameters, and amount of ice 
(present as a minor secondary phase) were performed using GSAS-EXPGUI.38,39  The 
details are outlined in the appendix and are in agreement with the results for the same 
three compositions synthesized under the same conditions measured with high resolution 
neutron powder diffraction at 10 K.7   
MD Simulations and PDF Analysis   
Large-box models of ~20,000 atoms (depending on composition) were produced by 
building 5 x 5 x 5 unit cell models of the host lattice following the ideal proton 
configuration for sI hydrates determined by Takeuchi et al.27  The large and small cages 
were filled with CH4, CO2, or a vacancy according to the experimentally determined 
occupancies, outlined in the appendix.7 Two sets of models were built with this method 
for the three hydrate compositions using experimental lattice parameters.  One set of 
initial large-boxes were equilibrated with the LAMMPS simulations package in the NPT 
and then simulated in the NVT ensemble for 100 ps with a 1 fs timestep and 100 fs 
damping constant.40  RDFs and density distributions were calculated from the NVT 
trajectories to compare with the experimental results.  Fixed rigid models were used in 
the MD simulations for the H2O, CH4, and CO2 molecules.  The TIP4P potential model 
with a long-range Coulombic solver was used for the water molecules while the CH4 and 
CO2 partial charges and Lennard Jones parameters were taken from Tse et al. (CH4) and 
Duan and Zhang (CO2).30,41  Finally, all intermolecular interactions for H2O, CH4, and 
CO2 were determined with Lorentz-Berthelot combination rules.22  The second set of 
boxes were relaxed in NVT for 100 ps at the lattice parameter and composition 
determined with Rietveld refinements to produce initial models for RMC fits.   
Large-box models were fit to the data using RMCProfile.42  RMC model constraints, 
summarized in the appendix, result in an acceptance rate of ~10% once equilibration is 
reached.  RDFs and density distributions were calculated from the equilibrated MD 
trajectories and sets of frames from RMC fits using custom codes written in FORTRAN.   
RMC fits for the CH4, CO2, and mixed CH4-CO2 hydrate models were each simulated for 
an additional 25x106 generated moves from 15 unique initial configurations and the 
resulting structures were sampled to produce a collection of ~200 frames of accepted 
atom configurations for each structure.  We mimicked MD simulation trajectories from 
equilibrated RMC frames and calculated partial radial distribution functions (RDFs) for 
individual species pair distances in the three structures.  These RDFs are a probability 
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density function which describe the likelihood of a particle being at a distance r from 
another particle and are calculated as: 
∫ 𝜌𝑔(𝑟)4𝜋𝑟 𝑑𝑟 = 𝑁 ≈ 𝑁 − 1 Equation 4 
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Abstract 
CH4 hydrates occur naturally and are an abundant potential fuel source with a 
corresponding risk of potent greenhouse gas release, due to their stability conditions at 
low temperature and high pressure.  Byproduct CO2 can be exchanged with CH4 in these 
natural deposits and can potentially stabilize the hydrates at higher temperatures.  CH4, 
CO2, and mixed CH4-CO2 hydrates are studied with in situ neutron pair distribution 
function experiments from 2-210 K to investigate the impact of varying the CH4-CO2 
guest composition in the gas hydrate structure.  These experiments combined with 
Reverse Monte Carlo analysis allow for the characterization of intermolecular CH4 and 
CO2 interactions with the water molecules which form the hydrate lattice and how they 
impact the local structure of the lattice itself.  Results indicate that when CH4 and CO2 
co-occupy the hydrate, the host is more strongly distorted than in the pure CH4 and CO2 
hydrates, but this becomes less defined with increasing temperature.  The presence of 
CO2 in mixed hydrate increases the stability range and creates a barrier for CH4 to 
completely leave the structure.   
Introduction 
Gas hydrates are crystalline compounds that form when water is in the presence of gas at 
non ambient pressure and temperature conditions.1  Natural gas hydrates form under 
suitable conditions and are found dispersed throughout arctic permafrost and the ocean 
floor, primarily containing CH4.2,3  The water molecules crystallize in clathrate structures, 
forming hydrogen bonded cages (the host framework) around occluded gas molecules 
(the guests).  Hydrates can form in a small variety of clathrate structures dependent on 
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formation pressure, temperature, and occluding molecules.  Natural hydrates commonly 
form either sI or sII cubic structures, the sI has a smaller lattice parameter of ~12 Å and 
can form with a variety of guest types such as H2S and CH4.  However, the  formation 
may be hindered by other compounds like NaCl in ocean environments.1  Despite the 
complicated conditions dictating hydrate deposit formation, excursions have identified an 
estimated 3000 trillion cubic meters of accessible CH4 in natural hydrate deposits.2  
Laboratory experiments and a field study in arctic permafrost have demonstrated that 
CH4 can be harvested from deposits by exchange with the hydrocarbon byproduct CO2.  
The field study, Ignik Sigumi, was conducted in Prudoe Bay, Alaska, showed that CH4-
CO2 exchange did occur, but CH4 recovery was not complete and a mixed hydrate 
formed in the deposits.4  In this work, we investigate the atomic scale structure of CH4, 
CO2, and mixed CH4-CO2 hydrates to understand how the guest composition impacts 
hydrate properties with a focus on the exchange process and the long-term stability of a 
deposit under changing environmental conditions.   
 
The sI clathrate hydrate crystallizes in the cubic 𝑃𝑚3𝑛 (223) crystal structure, shown in 
Figure 5-1.  Forty-six hydrogen bonded H2O molecules form the 8 cages of the host 
lattice, each of which can occlude up to one guest molecule such as CO2, CH4, H2S, 
C2H6, C3H6, and Xe.  This unit cell is approximately 11-12 Å depending on temperature 
and guest occupancy.1,5-9  A fully occupied sI gas hydrate crystal has a composition of 
8X•46H2O, where X represents the guest molecules, but cages are not usually fully 
occupied except in specific formation conditions.  There are two cage types that form the 
eight host lattice cages; two small dodecahedral cages made up of 12 pentagonal faces 
and six large tetrakaidekahedral cages made up of 12 pentagonal faces and two hexagonal 
faces, shown removed from the unit cell in Figure 5-2.1,3,5,7,8,10,11  The framework can 
accommodate multiple guest molecules forming a solid-solution, such as a mixture of 
CH4 and CO2 between the pure end members.  Both molecule types can occupy either the 
small or large cage, but CH4 energetically prefers the small cage and CO2 the large 
cage.5,12   
 
Gas hydrates have been studied since their first observation when Cl gas hydrate was 
synthesized in the laboratory in 1811, but it was not until 1965 that natural geological 
hydrates were discovered in permafrost.  Shortly after that they were discovered in 
oceanic deposits.1,3,13 Since, there have been many expeditions to discover and 
characterize these fuel rich deposits.3  Current estimates predict that greater than three 
times the amount of CH4 is accessible from gas hydrates as from shale and conventional 
sources.  Methods to recover CH4 from hydrate deposits include thermal stimulation, 
depressurization, and gas exchange.  Of these three, the latter is the only method which 
does not destroy the deposit.  The gas exchange approach employs CO2 to replace the 
CH4, sequestering byproduct CO2 to maintain the hydrate deposit.2  This method is 
feasible due to CO2 being the energetically preferred guest which readily exchanges with 
CH4 when injected into the hydrate deposit.1,2,4,5,11,12,14  
 
Though CH4 and CO2  differ in size, shape, and polarity, they form the same sI hydrate 
crystal structure either as single guests or as a solid solution. Thermodynamic properties 
96 
 
vary with guest molecule, as CO2 increases the stability temperature and lowers stability 
pressure.1  CH4 hydrate decomposes at a lower temperature than CO2 hydrate, exhibits 
anomalous preservation in different temperature regions, and has been demonstrated to 
decompose more rapidly during isobaric heating.6,10,15,16  With warming ocean and 
atmospheric temperatures and pressure-temperature changes around deposits caused by 
CH4 extraction, exchange, or nearby drilling, guest-dependent thermodynamic behavior 
of gas hydrates is important to study and understand.   
 
X-ray6,9,10,15-17 and neutron diffraction5,7,8,18-22  have been extensively used to characterize 
the CH4 and CO2 hydrate crystal structures.  Lattice expansion experiments and 
simulations show that below ~180 K the CO2 hydrate lattice parameter is smaller than 
CH4 hydrate, even though the CO2 molecule has a larger diameter of 5.12 Å (compared to 
the CH4 diameter of 4.36 Å).7  Everett et al. demonstrated with neutron powder 
diffraction that mixed guest CH4-CO2 hydrates lattice parameters qualitatively follow the 
rule of mixtures with respect to guest composition.5  Figure 5-1 shows the sI hydrate 
crystal, which has a high degree of disorder in both the water molecules and guest sites.  
This crystal structure represents the forty-six water molecules as oxygens with O on three 
Wycoff sites in 𝑃𝑚3𝑛 symmetry, each surrounded by four partially occupied proton 
sites.5-7,9  Expanding beyond characterization of the crystal with powder diffraction by 
discarding the symmetry and considering a primitive cell with forty-six water sites which 
follow ice rules results in 685,686, 200 possible host lattice configurations.9  Similarly, 
the CH4 and CO2 guest molecules are represented by single carbon centers with multiple 
surrounding partially occupied H or O sites to represent free rotation of the unbonded 
occlusion molecule.  Neutron powder diffraction,5,7 Raman and inelastic neutron 
scattering,23-25 molecular dynamics (MD) simulations,12,26 and density functional theory 
(DFT) calculations27-29 have all confirmed that in pure CH4 hydrate, the CH4 molecules in 
both cage types rotate freely in a spherical shape while in pure CO2 hydrate the guest 
orients in an oblate shape in the large cage and is more constrained in the small cage.  
This guest structure was further studied for the molecules in mixed CH4-CO2 hydrates 
with neutron powder diffraction by Everett et. al, where Fourier difference maps from the 
refined crystal structure showed that the orientations for CH4 and CO2 are maintained in 
the mixed systems.5  Powder diffraction produces an average representation of the 
structure resulting in high symmetry representations and leading to loss of local structural 
disorder information.  The range of rotational and orientational freedom of guest 
molecules and the multiple partial occupancies required to describe the sI hydrate crystal 
indicate considerable details can be discovered about CH4, CO2, and mixed CH4-CO2 
hydrates from local structure characterization.   
 
Previous dynamic experiments and simulations corroborate with structural analysis that 
CH4 freely rotates while CO2 is more constrained in the hydrate lattice.12,23,26,29,30  There 
are no existing experimental studies, however, investigating the impacts of mixed CH4 
and CO2 guests on the local structure and disorder.  This is an important subject for 
advancing the CH4-CO2 exchange process and for understanding hydrate formation.  
Hydrate synthesis and formation experiments result in a wide variety of cage occupancies 
and guest compositions.  Other studies show that CO2 occupancy varies from 98-99% in 
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the large cages and 67-75%7,10,29 in the small cages while CH4 fills 95-97%24,29,31 of all 
cages for single guest systems.  One study reported 100% cage filling in the pure CO2 
hydrates which was attributed to over-pressurization of CO2 and the use of a hydrate 
former.5  The wide variety of previous results and their deviation from cage filling 
predictions by the CSMHYD program demonstrate that cage filling in hydrates is directly 
associated with formation pressure, temperature, ratio of guests in feed gas (in mixed 
cases), and presence of a hydrate former or inhibitor.1   Molecular interactions are 
important attributes to understanding both formation composition and stability of gas 
hydrates.  Experimental and computational methods to study these interactions include 
dynamic investigations (spectroscopy, DFT, and MD), static structural studies 
(diffraction, DFT, and MD), and temperature dependent in situ structural experiments.  
 Molecular interactions via local structural studies in many systems have been conducted 
using radial distribution function (RDF) analysis.  RDFs characterize atomic pair 
distances via a conditional probability density function, 𝑔(𝑟).  A RDF which describes 
atoms i and j  is defined with the number of atoms (𝑛 (𝑟)) of type j, occurring at 
distances in the range from r to dr, from atoms of type i.   
 
𝑔 (𝑟) =  
( )
 
  Eq. 1 
 
where 𝜌  = 𝑐 𝜌  and 𝜌  is the average number density of the crystal (N/V) and  the limits 
of 𝑔 (𝑟)  are as 𝑟 → ∞ , 𝑔 → 1.  In other words, at long distances the probability of an 
atom being at a distance r from another atom equals 1.32  RDFs are a powerful tool for 
characterizing atomic interactions, disordered crystals, and defects.  They are particularly 
appropriate for gas hydrates, which possess both crystallographic disorder in the host 
lattice, centers of guest molecules, and in the orientations of molecules occluded in the 
cages.  Previous MD investigations of mixed CH4-CO2 hydrates, which were a direct 
comparison with neutron diffraction experiments, revealed that unique intermolecular 
interactions in CH4-CO2 hydrates, observed in local structure disorder (via RDFs), are 
averaged out by symmetry in powder diffraction.  RDFs are more generally referred to as 
the pair distribution function, or PDF.  PDFs can, in fact, be measured experimentally by 
collecting X-ray or neutron powder diffraction data to high angle or momentum transfer, 
Q, in a technique known as total scattering.  Whereas peaks in the lower Q region of a 
diffraction pattern, or 𝑆(𝑄), provides Bragg reflections, diffuse scattering exists 
throughout all Q but is most clear in the high Q region.  This total pattern provides a 
measured real space function when Fourier transformed.  This function, 𝐺(𝑟), is similar 
to 𝑔(𝑟) and is defined as 
 








and the limit, as 𝑟 → ∞ 𝐺(𝑟), oscillates around 0.  An ideal 𝐺(𝑟) would be produced 
from an infinite 𝑄 , however, obtaining an infinite 𝑄  is not experimentally 
feasible. For a quality PDF measurement, data needs to be collected with good counting 
statistics through a wide range of 𝑄, and 𝑆(𝑄) will go to unity at high 𝑄.33  This work 
presents quantitative analysis of in situ neutron PDF data from CH4, CO2, and mixed 
CH4-CO2 hydrates from several discrete temperatures between and including 2-210 K in 
order to understand the local guest-guest, guest-host, and host-host molecular interactions 
and how adjusting the CH4-CO2 composition impacts these interactions.  By measuring 
these samples in situ through anomalous preservation and decomposition temperatures, 
we can investigate what guest-impacted disorder may be leading to certain 
thermodynamic behavior.  Finally, the mixed CH4-CO2 hydrate is important to study as it 
is a product of the CH4-CO2 exchange process and may result from either CH4 exchange 
production from natural gas hydrate deposits or when CO2 is injected as a potential 
hydrate stabilization technique.  
 
Experiment and Simulations 
Sample Synthesis  
CH4, CO2, and mixed CH4-CO2 hydrate powders were synthesized for the neutron total 
scattering experiments.  One mg of Pseudomonas syringae 31a, branded as Snomax, was 
mixed with 10 mL D2O for each sample.  Snomax is an ice nucleating protein and has 
been demonstrated to decrease the formation pressure required for gas hydrates.34  A 300 
mL pressure reactor vessel containing the solution and steel milling media was evacuated 
and then pressurized at room temperature with 600 psi of gas. The three hydrate samples 
were pure CO2, pure CH4, and a mixed CH4-CO2 with a feed gas fraction of  0.5/0.5 
CH4/CO2.   For the mixed gas hydrate CO2 was introduced until a pressure of 300 psi was 
achieved and then an additional 300 psi of methane was added for a total pressure of 600 
psi and a 50/50 feed gas mixture.  The pressurized vessel was then placed in a freezer 
where the temperature was dropped to 277 K and tumbled periodically for approximately 
seven days.  When the vessel pressure stopped dropping the freezer temperature was 
dropped to 253 K for at least one day to quench the sample until collection.  Hydrate 
powders were collected in a nitrogen atmosphere and stored in vanadium canisters in 
liquid nitrogen until the neutron experiments.   
Neutron PDF measurement  
Neutron PDF data were collected on CH4, CO2, and mixed CH4-CO2 hydrate powder 
samples at the Nanaoscale-Ordered Materials Diffractometer (NOMAD) at the Spallation 
Neutron Source at Oak Ridge National Laboratory.35  Samples were measured at 
temperatures between and including 2-210 K in a 50 mm Orange He cryostat.  Vanadium 
canisters containing each sample were transferred from the liquid nitrogen storage to the 
cryostat set to 90 K.  The sample was then held in the cryostat at 90 K to allow any liquid 











Figure 5-1. The sI CH4 hydrate unit cell using multiple H sites on both the CH4 and 
H2O molecules, partial occupied, to represent disorder and motion of the guest and 





Figure 5-2. The sI crystal structure is composed of two small cages (top) and six 
large cages (bottom), which can hold up to one guest molecule each or may be 




Data were collected from 2-80 K at 55 mbar, the working pressure of the cryostat.  
Samples were measured at with constant pressure of 25 bar applied with He gas to 
prevent decomposition of hydrates from 80-210 K.   
Crystal structure refinement  
The sI hydrate and ice 1h crystal structures models were fit to the Bragg data obtained 
during the neutron PDF measurement.  Rietveld refinements were performed with 
GSAS/EXPGUI to refine the crystallographic parameters and quantify phase purity of the 
three samples at each temperature.36 
Obtaining the real space PDF function  
S(Q) data are collected on NOMAD from 0.4-50 Å-1, but the sample environment and 
detectable levels of hydrogen from CH4 containing samples and condensation in the 
cryostat resulted in a usable Q range of 0.4-40 Å-1.  S(Q) data were Fourier transformed 
to the real space function with a Fourier filter applied at 0.85 Å  and r cutoff at 25.0 Å 
using StoG.37 
Quantitative analysis of neutron PDF data  
Quantitative analysis of the real-space PDF data was achieved by fitting large box models 
to the data at each temperature with Reverse Monte Carlo simulations using the program 
RMCProfile.38  This method is used to ensure proper representation of cage filling and 
local disorder.  ~20,000 atom boxes were produced by building 5 x 5 x 5 unit cell models 
of the host lattice following the ideal proton configuration for sI hydrates determined by 
Takeuchi et al.9  The large and small cages were then filled with CH4, CO2, or a vacancy 
according to the experimentally determined occupancies.5  Models were built with this 
method for all three hydrate samples and all temperatures using the experimentally 
determined lattice parameters and then relaxed in the LAMMPS molecular dynamics 
simulations package.39  Fixed rigid models were used in the MD simulations for the H2O, 
CH4, and CO2 molecules.  The TIP4P potential model with a long-range Coulombic 
solver was used for the water molecules while the CH4 and CO2 partial charges and 
Lennard Jones parameters were taken from Tse et al. (CH4) and Duan and Zhang 
(CO2).30,40 Finally, all intermolecular interactions for H2O, CH4, and CO2 were 
determined with Lorentz-Berthelot combination rules.41  Large-box models were relaxed 
in the NVT ensemble at their experimental temperatures and then fit to the data using 
RMCProfile.34 Physical constraints are implemented in the RMC model to maintain 
physically sound structures while the data drives the model to reasonable fit (minimal 
data-fit difference).  These constraints, result in an acceptance rate of ~10% once 
equilibration is reached.  RDFs and density distributions were calculated from the 
equilibrated MD trajectories and sets of frames from RMC fits using custom codes 
written in FORTRAN.   RMC fits of models at 2, 40, 150, 170, 190, and 210 K were each 
simulated for an additional 25x106 generated moves from fifteen unique initial 
configurations and the resulting structures were sampled to produce a collection of ~200 
frames of accepted atom configurations for each structure.  We compiled simulation 
trajectories from equilibrated RMC frames and calculated partial radial distribution 
102 
 
functions (RDFs) for individual species pair distances in the three compositions at the six 
temperatures. 
Results and Discussion 
A detailed analysis of gas hydrate PDF data is complicated by the dynamic nature of the 
unbonded guest molecules, multiple atomic species, significant background from the 
cryostat, and hydrogen present in the CH4 and ice condensation that occurs on the sample 
can.  Although this does not exclude these materials from informative local structure 
analysis, careful steps must be taken to obtain the best information from this in situ 
experiment.  Lattice parameters and phase fractions determined with Rietveld 
refinements at each temperature for the CH4, CO2, and mixed CH4-CO2 hydrate phases 
are summarized in the appendix.  The large background inherent in this in situ 
experiment produced Bragg data that is not optimal for refining on the guest composition 
of these samples.  These models used the cage occupancy results from a previous study 
performed on a high-resolution neutron powder diffractometer, performed on samples 
synthesized using the same process, and these compositions were fit to the data and agree 
within error.  Lattice parameters refined with Rietveld refinements to the Bragg data from 
this experiment (NOMAD) and cage occupancies determined by Everett et al.5 (and 
confirmed with this data) were used to build large box models for CH4, CO2, and mixed 
CH4-CO2 hydrates at each temperature.  The Rietveld refinements determined each 
sample to have 10-20% ice impurity, modeled as D2O ice 1h.  Subtraction of the ice 
impurity, contained in the appendix, illustrates that this impurity does not interfere 
greatly with the neutron PDF data.  Finally, the lattice parameters refined above 80 K 
were measured under 25 bar He to prevent decomposition.  These experiments focus on 
the observation of intermolecular interactions at various temperatures under pressure 
conditions for observing thermal and intermolecular interaction effects with varied guest 
composition and these conditions were used to simplify a complex goal.   
Reverse Monte Carlo fits to Neutron PDF data  
Models of CH4, CO2, and mixed CH4-CO2 hydrate at each temperature (27 models total) 
were relaxed with MD in the NVT ensemble for 100 ps at their corresponding 
temperatures and then fit to the neutron PDF data with the RMC method in RMCProfile.  
This technique results in the fit models achieved in Figure 5-3 a-c, plotted with both the 
observed data and the difference plot between the observed data and model.  Figure 5-3 d 
shows corresponding distances that PDF analysis will determine on a small and large 
cage with a CH4 and CO2, respectively.  The largest misfits occur for all temperatures and 
compositions at atomic pair distances below ~1.6 Å.  This region primarily consists of 
intramolecular distances which were modeled as rigid bonds in the initial MD relaxation, 
shown as the O-H bonds in Figure 5-3 d.  To avoid overfitting and due to the r region of 
interest being intermolecular distances above ~1.6 Å the RMC simulations to fit the 
region below ~1.6 Å was not optimized.  The difference between the data and RMC fit 
model up to 25 Å is a flat line with minor oscillations which may be attributed to the fit at 





 Figure 5-3. RMC fits to neutron PDFs from 2 - 210 K for (a) CH4, (b) CO2, and (c) 
mixed CH4-CO2 hydrate plotted with the data-model difference to measure the 





 Fits to neutron data were completed for all temperatures to ensure continuity across the 
neutron experiment, but fits from key temperatures of 2, 40, 150, 170, 190, and 210 K 
were chosen for continued RMC simulations of the fit structures.  Select temperatures 
were used in this step due to the high computational time and cost to run long simulations 
of large box models, producing trajectories which represent acceptable structures and 
achieve good statistics.  Intermolecular interactions are analyzed by calculating RDFs and 
three-dimensional density distributions for specific species in the RMC trajectories.   
Guest-host interactions for CH4-H2O molecules are represented with large and small cage 
Owater-HCH4 RDFs in Figure 5-4 and corresponding CH4 density distributions for each 
temperature.  Analogous cage Owater-OCO2 RDFs are plotted for the pure CO2 hydrate for 
reference.  Small cage RDFs and density distributions in Figure 5-4a show that the CH4 
in both the CH4 and mixed hydrate behave similarly.  At 2 and 40 K intracage O-H 
distances are defined by three overlapping peaks below 5 Å, and the CH4 molecule in 
mixed hydrate appears to position closer to the cage O indicated by the low r shoulder for 
this peak.  Despite mixed hydrate’s smaller lattice parameter, the CH4 positions are more 
broadly distributed.  Above 150 K, the RDFs for the CH4 guest in both pure and mixed 
hydrates merge and are nearly identical, unimpacted by lattice parameter or the guest type 
in the neighboring cages.  These differences, however, are subtle and not visible in the 
small cage density distributions.  RDFs in Figure 5-4b show that the large cage CH4 
molecule in mixed hydrate also tends to move closer to the cage than in pure CH4 
hydrate.  These RDFs, however, are noisy for the mixed hydrate due to the low large cage 
CH4 occupancy in this composition.    Overall, CH4 in the two compositions behaves 
similarly at all temperatures and the pure CH4 is within the noise of the mixed.  At high 
temperatures guest-host distances merge together for all systems.  Broadening of the 
intracage peak is also demonstrated by the large cage density distributions, which show 
the CH4 occupying a spherical shape centered in the cage.  As temperature increases, the 
sphere gradually grows, demonstrating increased thermal motion.  This detail is 
supportive of previous conclusions from  MD that found the CH4 relaxation time 
decreased with rising temperature.26  The essential cage volume for the weakly 
interacting molecule decreases with temperature as thermal motion increases for the guest 
and the surrounding water molecules, essentially shrinking the cage volume and slowing 
the molecular rotations.   
 
Unlike CH4, CO2 is a quadrupolar molecule which interacts strongly with the host lattice 
and orients asymmetrically in the cages.  RDFs and density distributions for the small 
cage CO2 molecule in pure CO2 and mixed hydrate are shown in Figure 5-5a.  At low 
temperature the Owater-OCO2 RDFs at intracage distances below 5 Å show four 
overlapping peaks which are visualized in the density distributions indicating two higher 
density CO2 orientations.  The most intense peak in this region is at ~2.5 Å, and is 
maintained in the pure CO2 hydrate as temperature increases.  The broadening of this 
peak is reflected in the density distributions where its orientation spreads, but it never 
occupies the full range of its plane.  The small cage CO2 orientations are restricted by 
geometry.  For comparison to the Owater-HCH4 for CH4 hydrate also plotted in Figure 5-5a, 
the CO2 molecules’ rotational range is not as broad as for the CH4 molecule.  As in the 
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large cage mixed CH4 molecules above, the small cage CO2 occupancy is low and results 
in poor statistics.  It is still clear, however, that the mixed hydrate CO2 RDFs show more 
disorder as evidenced by the peaks below 5 Å being broader than in pure CO2 hydrate.  
This is a result of mixed hydrate’s larger lattice parameter and that the CO2 molecules in 
the mixed hydrate may be neighbored by either CO2 molecules, CH4 molecules, or 
vacancies, changing the local interaction environment.  The impact of guest composition 
on the local structure is more pronounced in the large cage CO2 molecules, presented in 
Figure 5-5b.  From 3-6 Å the CO2 pair distances in both pure CO2 and mixed CH4-CO2 
hydrate compositions are identical at all temperatures.  Below 3 Å the mixed CO2 peak is 
broader, indicating more disorder in the mixed hydrate.  Density distributions at 2 and 40 
K show that the CO2 in pure hydrate orients in an oblate shape parallel to the hexagonal 
cage faces, consistent with previously published experiments and simulations.5,12,16,27  
The CO2 in the mixed hydrate, however, orients in a more disordered oblate shape and 
toward the hexagonal face.  When the CO2 guest is neighbored by CH4 molecules or 
vacancies, the local guest-host structure becomes more disordered.  As temperature 
increases, the low r peaks for CO2 in pure CO2 hydrate broaden as the RDFs indicate that 
the local guest-host structure is becoming more disordered, similar to CO2 in low 
temperature CH4-CO2 mixed hydrate.  At 210 K, the mixed CH4-CO2 hydrate still shows 
a higher level of disorder in the CO2-guest interactions than in the pure CO2 hydrate.  The 
larger density distribution and growing shoulder in the RDF below 2 Å suggest that at 
high temperatures the neighboring guest type is important for the CO2 orientation.  This 
is in contrast to the CH4 behavior based on guest and temperature, where the local CH4-
host structure is only affected by temperature.   
Host-host interactions  
Local disorder of the hydrate framework may be understood through RDFs of individual 
water molecule intermolecular distances.  Figure 5-6 represents host-host interaction as 
Owater-Owater RDFs calculated from RMC simulations of fits to the CH4, CO2, and mixed 
CH4- CO2 hydrate data collected at 2, 40, 150, 170, 190, and 210 K.  The longest 
intracage distances for sI hydrate are 9 Å, but temperature and guest composition effects 
are most apparent at r distances below 5 Å.  At low temperatures, 2 and 40 K, the pure 
hydrate host-host interactions are similar while the mixed CH4-CO2 hydrate is more 
disordered.  The local Owater-Owater pair distances reflect the guest-host disorder seen in 
Figure 5-5 as CO2 interacts with the water cages.  Cage distortion is also illustrated in 
Figure 5-7, which plots Owater from 15 independent RMC simulated frames for the same 
small and large cage for all compositions and temperatures.  At low temperature the 
mixed CH4-CO2 hydrate cages, which are occupied by a CO2 in the large cage and CH4 in 
the small cage are the most disordered.  While results suggest the CO2 in pure hydrate 
distorts the cages via the RDFs and cage images in Figures 6 and 7, the imbalanced 
interaction environment in the mixed CH4-CO2 hydrate cause by a CO2 in the large cage 
and CH4 in the small cage leads to greater disorder.  At short r distances the pure hydrates 
local structures are similar while the long-range pair interactions for CO2 and mixed CH4-
CO2 hydrate are similar.  As temperature increases to 210 K, the long-range disorder for 
all three compositions merge but CH4, CO2, and mixed CH4-CO2 hydrate are 




Figure 5-4.  CH4-host RDFs and density distributions for guest in the (a) small cages 
and (b) large cages.  RDFs are calculated for the Owater-HCH4 for CH4 and mixed 
hydrate.  The Owater-OCO2 RDF is plotted for comparison to the guest behavior in 





Figure 5-5.  CO2-host RDFs and density distributions for guest in the (a) small cage 
and (b) large cage.  RDFs are calculated for the Owater-OCO2 for CO2 and mixed CH4-
CO2 hydrate and the Owater-HCH4 RDF is plotted for reference to the guest behavior 












CO2 and mixed CH4-CO2 hydrate peak shapes do not change except that they shorten and 
broaden with thermal motion.  The CH4 hydrate RDF grows a low r shoulder above 150 
K.  Unlike the mixed CH4-CO2 hydrate, which has a shoulder at this distance, the CH4 
shows three overlapping peaks of equal intensity, reflecting the spherical distribution of 
the weakly interacting occluded CH4 molecule.  The wide, symmetric distribution of 
Owater-Owater distances shown in the Figure 5-6 RDFs and cage illustrations in Figure 5-7 
for CH4 hydrate, combined with the CH4 density distributions shown in Figure 5-4, which 
grow with temperature indicate that disorder in this composition is dominated to thermal 
motion and not intermolecular interactions.  This analysis supports previous results from 
MD simulations which showed that as temperature increases, CH4 relaxation time, in pure 
CH4 hydrate decreases with temperature.  This in-situ PDF study shows that CH4 and 
water molecules occupy more space and this essential volumetric decrease hinders CH4’s 
rotational speed.   
 
As CO2 distribution in the pure CO2 hydrate large cage, seen in Figure 5-5, becomes 
more similar to that in mixed hydrate with increasing temperature the Owater-OCO2 
distances converge.  The mixed hydrate lattice, however, is always more distorted than 
the composition with only CO2.  The strength of CO2-water interactions needs to be 
considered to understand why disorder occurs in the presence of CO2 and the Owater-OCO2 
RDFs in Figure 5-5 show guest-host distances less than 2.5 Å growing as temperature 
increases.  These close neighbors indicate that CO2 interacts with the host lattice in the 
distinct density distributions that are seen in Figure 5-5.  Therefore, disorder seen in 
hydrate frameworks that occlude CO2 is not only attributed to temperature but also guest-
host intermolecular interactions.  The mixed CH4-CO2 hydrate host lattice is always more 
distorted than pure CO2 hydrate because the CO2 guest in mixed hydrate may be 
neighbored by another CO2, a CH4, or a vacancy.  The framework distortions reflect the 
unbalanced local interaction environment that results from a mixed CH4-CO2 guest 
composition.  These interactions highlight the subtle difference between the disorder in 
CH4 hydrate lattice at high temperature, which is symmetrically distributed, and in mixed 
CH4-CO2 hydrate where CO2 acts as a stabilizer and distorts cage Owater-Owater distances 
asymmetrically by interacting with the host molecules.  Models predict that formation 
stability pressure and temperature for mixed CH4-CO2 hydrate falls in between that for 
the pure endmembers, as do observed properties such as lattice parameter.  The 
difference in impact of CH4 versus CO2, however, demonstrates that not all properties for 
mixed hydrate can be treated as a linear relationship between pure hydrates which have 
been more thoroughly studied.  Guest-host and host-host RDFs calculated from fits to 
experimental data show that disorder is highest in mixed CH4-CO2 hydrate.  The degree 
of difference between the three compositions shrinks as temperature increases and 
thermal energy contributes to molecular motion and local structural disorder.  At ambient 
pressure above 150 K CH4 hydrate is known to begin dissociation with anomalous 
preservation through the equilibrium stability temperature at 190 K.  The PDF analysis 
presented here shows that disorder increases in the CH4 hydrate with heat, however, there 
is not preferential orientation in the RDFs or density distributions to indicate guest-host 







Figure 5-6. Owater-Owater RDFs show the impact of guest composition and 





Figure 5-7. Two orientations for viewing the face sharing large and small cages, 
normal and parallel to the hexagonal face of the large cage, from 15 unique RMC 
fits for pure CO2, mixed CH4-CO2, and pure CH4 hydrates at various temperatures 
demonstrating the overall distortions that result from temperature and guest 






This accounts for the relatively lower decomposition temperature compared to CO2 
containing hydrates and the ability for hydrates to preferentially exchange CH4 when 
pressurized with CO2.  CO2-host interactions, however, are observed in both CH4-CO2 
mixed and CO2 hydrates.  From 170 K where anomalous preservation has been 
previously observed for CO2 through 210 K, guest-host interactions are still observable in 
RDFs and density distributions.10  The CO2-host interactions are dominant in the local 
structure and seen in both framework distortions and CO2 orientation.  During a CH4-CO2 
exchange process, the CO2-host interactions in a resulting mixed hydrate are creating an 
energy barrier to complete CH4 recovery.  To understand this process further, these 
experiments should be continued to temperatures closer to 270 K.  Up to 210 K, however, 
we can see that CO2-host interactions are not overcome by thermal motion.  These 
experiments show that stability of mixed CH4-CO2 hydrates may be measured by the type 
of local structure distortions.  If all molecules are moving and disorder grows 
symmetrically as in the pure CH4 hydrate, this disorder is due to thermal motion and 
leads to dissociation.  Skewed distortion is seen in the hydrates that partially or 
completely have CO2 occluded, where CO2 interacts with the host lattice and can only 
orient in discrete positions in the large and small cages.  These neutron PDF experiments 
highlight local structural details overlooked in long-range diffraction studies.  Through 
this analysis we aim to observe how the different guest molecules occupy the large and 
small hydrate cages in order to understand framework – guest molecular interactions with 
variable temperature.   
 
Conclusions 
  The impact of CH4-CO2 guest composition on local disorder of gas hydrates was 
investigated with in situ neutron PDF experiments.  RDFs calculated from large box 
models fit to the neutron data with RMC analysis show that CO2 interacts with the host 
lattice more strongly that CH4 from 2-210 K and has a larger impact on framework cage 
distortions.  CH4 hydrate lattice becomes increasingly disordered from 150-210 K, the 
temperature region which covers anomalous preservation and complete dissociation at 
ambient pressure. The spherical CH4 density distribution and normal distribution of host-
host (Owater – Owater) nearest neighbor RDF peaks indicate that temperature accounts for 
this disorder and the guest and host molecules interact minimally.  CO2, however, 
interacts with the hydrate framework to distort the cages asymmetrically.  This distortion 
is most pronounced in mixed hydrate when both CH4 and CO2 occupy the cages and 
temperature effects are seen more strongly in the mixed CH4-CO2 system than in pure 
CO2 hydrate.  At 2 and 40 K, mixed CH4-CO2 hydrate’s local structure is an outlier from 
the pure hydrates, and does not behave as a linear mixture.  This effect diminishes with 
increased temperature and the mixed hydrate local host structure reflects both distortion 
from CO2 interactions and broader water molecule positions seen in CH4 hydrate.   Local 
cage distortions cause by CO2-host interactions in mixed CH4-CO2 hydrate may result in 
a more stable intermediate composition during CH4-CO2 exchange which requires more 
energy to complete the exchange.  The wide Owater-Owater distribution in CH4 hydrate 
shows a flexible host lattice that facilitates exchange, but increasing the concentration of 
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Abstract 
An abundant source of CH4 can be found in natural hydrate deposits.  Recent 
demonstration of CH4 recovery from hydrates via CO2 exchange has revealed the 
potential for a fuel source that is concurrent with carbon sequestration.  Though the 
higher stability of CO2 hydrate has been observed, it is vital to understand the structural 
and dynamic impacts of guest variation in CH4, CO2, and mixed hydrates.  Molecular 
vibrations are examined in CH4, CO2, and mixed CH4-CO2 hydrates at 5, 50, and 190 K.  
This is an ideal spectroscopy technique to observe the dynamic modes in the hydrate 
structure and enclathrated CH4, as it is extremely sensitive to 1H.  The presence of CO2 in 
hydrates tightens the lattice and introduces more librational modes to the host lattice, 
while hindering the motion of CH4 in mixed CH4-CO2 hydrate at 5 K.  At 190 K, a large 
broadening of the CH4 librational modes indicates disorder in the structure leading to 
dissociation. 
Introduction 
Clathrate hydrates form in moderate to high pressure and low temperature conditions 
when water is in the presence of molecules such as CH4, CO2, H2S, N2, and ethane.  
These compounds form as water crystallizes as a hydrogen bonded cage structure, 
referred to as the host lattice, which traps guest molecules.1  Natural hydrates primarily 
occlude CH4 and are found permeated throughout the ocean floor and arctic permafrost, 
making these natural deposits a vast fuel source with potentially three times the volume 
of CH4 as accessible via traditional methods.2,3  One promising and tested method to 
obtain fuel from natural hydrates is through exchange with byproduct CO2, which has 
been proven to take place of CH4 in hydrate deposits.4  In addition to creating a carbon 
sequestration medium, another important property in the CH4-CO2 exchange process is 
that CO2 increases the stability temperature with respect to CH4 hydrate.1-3  As the 
potential increases that the environmental conditions where hydrate deposits exist will 
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warm beyond the stability temperature of CH4 hydrate, a CO2 exchange may mitigate this 
risk and prevent uncontrolled CH4 release into the oceans or atmosphere.   
 
Natural hydrates have been detected in ocean floor and permafrost deposits through 
discovery expeditions since their natural geologic discovery in 1965.  While there are a 
number of clathrate hydrate structures which form hydrates, the two cubic structures sI 
and sII are the most likely to occur given the earth’s pressure and temperature conditions 
and sI is the most common for accessible hydrates.1-3  The structure type that forms is 
dictated by pressure, temperature, the occluding guest molecule type(s), and the presence 
of other compounds (such as NaCl in oceanic environments).1  The sI unit cell, shown in 
Figure 6-1 a, has the cubic 𝑃𝑚3𝑛 (223) crystal structure and can hold up to one guest 
CH4 or CO2 in each of its six large tetrakaidekahedral or two small dodecahedral 
cages.1,5,6  The two face sharing cage types are shown in Figure 6-1 b, with a CH4 
occluding the small cage and a CO2 in the large cage.  CH4 and CO2 can also form a solid 
solution where both guest types are accommodated in the same crystal.7  This mixed 
CH4-CO2 hydrate has been observed in laboratory experiments and as the result of CH4-
CO2 exchange field tests in permafrost, where complete CH4 recovery was not acheived.4  
The empirical formula of a mixed hydrate is (CH4)1-x•(CO2)x•5.75H2O if every cage were 
occupied, but full occupancy is uncommon and there are some vacant cages in most 
cases.7,8  Previous experiments and models agree that CH4 prefers the small cage and CO2 
will more likely fill the large cage, due to their respective size, shape, polarity, and 
interactions with other molecules.7-11  The presence of either one or both CH4 and CO2 in 
hydrates has been shown to impact intermolecular interactions in the entire system, as 
CO2 is a larger polar molecule with stronger interactions than CH4.9,12-14  Real space pair 
distribution function local structure experiments and classical molecular dynamics 
simulations demonstrate that CO2 interactions with the water molecules which form the 
hydrate lattice distort the cage structures.15-17   
 
A greater understanding of the impacts of CH4-CO2 guest composition on the hydrate 
lattice may be obtained through inelastic neutron scattering (INS) studies of CH4, CO2, 
and mixed CH4-CO2 hydrates.  Gas hydrates are ideal materials to measure with INS 
because the detected signal is the energy exchange between incident neutrons and the 
hydrate.18,19  This signal is dominated by inelastic incoherent scattering by 1H, which is 
abundant in hydrates.  Previous experiments have observed the rotational lines of 
entrapped CH4 in a hydrate with a deuterated water network and its transition from 
quantum to classical rotation from 5 to 40 K.20,21  Other studies used a protonated hydrate 
lattice to compare hydrate lattice dynamics with Xe, N2, and THF guests by observing the 
shift in the defined H2O librational modes.22  Since the molecular vibrational modes of 
the hydrate lattice and CH4 enclathrated in sI have been well defined, INS experiments to 
compare CH4, CO2 and mixed CH4-CO2 hydrates are valuable to understand the impact 
of varying guest molecule composition on the lattice, and therefore, hydrate stability.  As 
fuel recovery expeditions seek to replace CH4 with CO2 in natural deposits, the behavior 
of mixed CH4-CO2 and CO2 hydrates is important to compare with that of the existing 




Figure 6-1. (a) An sI hydrate unit cell represents disorder with partially occupied 
























These INS experiments serve as evidence to support the results of short range structure 
studies which found that mixed hydrates have more distorted cages and therefore form a 
more stable intermediate structure during a CH4-CO2 exchange.16,17,23    
Experiment and Simulations 
Sample Synthesis  
CH4, CO2, and mixed CH4-CO2 hydrate powders were synthesized for the INS 
experiments.  1 mg of Pseudomonas syringae 31a, branded as Snomax, was mixed with 
10 mL H2O for each sample and an additional three sets were made with D2O.  Snomax is 
an ice nucleating protein and has been shown to decrease the formation pressure required 
for gas hydrates.24  A 300 mL pressure reactor vessel containing the solution and steel 
milling media was evacuated and then pressurized at room temperature with 600 psi of 
gas. The feed gas compositions were CO2, CH4, and a mixed 50% CH4- 50% CO2.  In the 
mixed sample, CO2 was first filled into the vessel to 300 psi, followed by the CH4 until 
600 psi was achieved.  The pressurized vessel was then placed in a freezer where the 
temperature was dropped to 277 K and tumbled horizontally periodically for 
approximately seven days.  When the pressure drop leveled, the freezer temperature was 
dropped to 253 K for at least one day to quench the sample until collection.  Hydrate 
powders were collected in a nitrogen atmosphere and stored in vanadium canisters sealed 
with copper gaskets in liquid nitrogen until the neutron experiments.   
Inelastic Neutron Scattering 
INS measurements of the six samples were carried out on the VISION spectrometer at the 
Spallation Neutron Source, Oak Ridge National Laboratory.  Data were collected on each 
hydrogenous and deuterated sample for one hour at 5, 50, and 190 K.  The scattering data 
from the backscatter (high momentum transfer) and forward scatter (low momentum 
transfer) detectors is averaged. Background variations, which are indicative of mass 
differences in each sample, resulted from ice condensation.  This effect is seen in the 
librational region in the three samples at 5 K.  For composition comparison each 5 K 
dataset was normalized by integrating the librational region from 65-135 meV and 
dividing the intensity of the entire spectra by this integral.22  INS is highly sensitive to 
hydrogen and will emphasize the dynamics of the CH4 guest and H2O lattice.  Comparing 
the three hydrate compositions at three temperatures allows for interpretation of the 
impact on the lattice and CH4 motions when CO2 is partially or completely introduced in 
CH4 hydrates.   
Modeling of INS Spectra  
The sI hydrate crystal, as shown in Figure 6-1 a has a high degree of disorder on both 
water and guest molecule sites.  The crystal representation models this through many 
partially occupancies for the water protons and guest molecules.  In this model the forty-
six water molecules which form the cages have four possible proton sites, which lead to 
over one half billion possible lattice configurations which follow ice rules.   A single 
primitive unit cell which represents the most likely water configuration was built and 
each cage filled with one CH4 molecule placed at a random orientation in the center.  A 
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BFGS geometric optimization was performed in a density functional theory (DFT) 
calculation using Perdew Burke Ernzerhof pseudopotentials with a plane wave basis set 
cutoff of 380 eV and a 3x3x3 k-point grid using the CASTEP software package.  After 
convergence of the geometric optimization, the phonon density of states was calculated 
from the optimized cell using the same parameters.  The lattice parameters were not 
optimized because these models are meant to compare with experimental data and the 
pseudopotentials are known to overbind hydrogen bonds and result in a too small lattice 
parameter.25  Unit cell volumes at 5 K were estimated from volumetric expansion models 
and set constant during calculation.6  A calculated phonon density of states is easily 
converted to an INS spectra from 8-1000 meV with OCLIMAX.26  Since both CH4 and 
H2O dominate the hydrate INS spectra and low energy (below 8 meV) roational modes 
are expensive to calculate, the model spectra was calculated by setting the contributing 
CH4 scattering lengths to zero.  This produced a modeled INS spectra of only the H2O 
lattice modes to compare across all samples. Density functional theory calculation cost 
scales with the number of electrons in a system, making phonon calculations for the CO2 
containing hydrates prohibitive.  Since the scattering lengths of CO2 have a limited 
contribution to the INS spectra compared with hydrogenous molecules, this work utilizes 
just the gasless hydrate lattice model and comparison of hydrate compositions and 
temperatures.   
Results and Discussion 
Librational Lattice Dynamics  
Comparing normalized INS spectra of CH4, CO2, and mixed CH4- CO2 hydrates at 5 K is 
straightforward, as the types of modes contributing to each energy region of the spectra 
have been published in previous work.20-22  Differences in the three compositions are 
evident in a first look at the spectra from -2-200 meV in Figure 6-2.  CH4 hydrate is by 
far the most intense below 60 meV, regions where the CH4 molecule is active.  
Rotation/translational modes of CH4 are present below 10 meV and optical and acoustic 
vibrational modes of the H2O molecules are present from ~10-40 meV. Little 
contribution is seen from the CO2 molecule in the lower energy modes and the and mixed 
CH4-CO2 hydrate lies in the middle of the pure compositions.  This is qualitatively 
expected as hydrogen content in the samples decreases across the compositions.  The 
hydrate lattice librations are active from 65-135 meV.  This region was used for 
normalization because the three compositions share the same crystal structure and do not 
vary in water content.  Above 150 meV, the scattering from the three hydrate samples 
converge where O-H bending modes are active.   Minute differences in the librational 
region show the impact of CO2 interacting with the host lattice while the water molecule 
structure itself is not affected.   
 
Though the largest difference is seen in low energy rotational modes in the INS spectra at 
5 K from -2-200 meV in Figure 6-2, a focus on the librational regions in CH4, CO2, and 
mixed CH4-CO2 hydrates in Figure 6-3 a shows the impact of guest molecule on the 
hydrate lattice.  At the leading edge of the excitations just above 65 meV, CO2 hydrate is 




Figure 6-2. Normalized INS spectra at 5 K from -2-200 meV.  Pure rotational modes 
are seen below 2 meV while rotational/translational modes (vibrational) are active 
from ~3-40 meV, the librational modes of the hydrate lattice are seen from 65-135 





Figure 6-3 (a) The INS spectra for CH4, CO2, and mixed CH4-CO2 hydrates at 5 K 
focused on the librational region, (b) the roational modes, elastic line, and 
rotation/translational modes, and (c)the spectra presented on a log scale for 




This indicates that CO2 hydrate tightens the cages, or decreases the lattice parameter, 
which is consistent with structural observations.  The greater intensity in the CO2 
containing hydrates shows that the water lattice has more librational modes when CO2 
occupies the cages.  This complements structural studies which found that when CO2 
occupies hydrate cages, it interacts with the cages and distorts them.  INS evidence of 
increased librational modes with CO2 content show that CO2, which has greater 
interaction energy with the hydrate structure, is actively impacting the dynamics of the 
host lattice.  Structurally, the mixed hydrate lattice was seen as the most disordered of the 
three compositions, but dynamically CO2 hydrate water molecules have more librational 
motion.16,17  This provides supportive evidence to molecular dynamics rotational analysis, 
where the water rotations were restricted to librational motion which had a greater range 
in CO2 and mixed hydrates. 
Guest Rotational and Translational Motions 
 CH4 is a free quantum rotor within hydrate cages at low temperatures.  The free rotation 
of CH4 is seen for both CH4 and mixed CH4-CO2 hydrates in Figure 6-3 b, in the two 
peaks mirrored on either side of the elastic line at 0 meV.  The absence of rotational 
modes in the CO2 hydrate is clear when viewing the data on a log scale in Figure 6-3 c.  
CH4 rotational modes are less intense for the mixed hydrate primarily due to the 
comparatively decreased concentration of CH4 in this sample.  The modes for the CH4-
CO2 hydrate above the rotational line to 10 meV, however, are both less intense and have 
less structure.  This feature is emphasized in Figure 6-3 c where the data is represented on 
a log scale.  The smeared peaks in this region suggest that CH4 in the mixed hydrate has 
fewer rotational/translational modes because it is hindered in the cages, which were 
shown to be tighter and more distorted in the librational analysis above.  CH4 in mixed 
hydrate occupied a smaller distribution of positions when modeled in local structural pair 
distribution function studies and it was shown to have hindered relaxation times in the 
cages of a mixed hydrate in molecular dynamics simulations.16,17,23  Though hydrogen in 
these samples dominates signal from CO2, an additional INS measurement of solid CO2 
at 5 K would aid in identifying low energy modes in CO2 hydrate.   
Temperature Impacts  
INS analysis is ideally done as close to 0 K as possible, as the inelastic scattering factor 
includes an exponential term which is significantly temperature dependent.  The 
qualitative changes in modes identified at 5 K with temperature, however, are insightful 
for each hydrate composition.  The INS spectra for CH4 hydrate at 5, 50, and 190 K are 
plotted with the modeled spectra in Figure 6-4 a.  The model, which was calculated at 0 
K, is shifted from the data but has good agreement in the lattice modes.  CH4 quantum 
rotational peaks at -1 and 1 meV broaden from 5-50 K.  This broadening indicates a 
transition from quantum rotations to rotational/translational modes, or a classical 
rotational diffusion, consistent with previous observations.20  As temperature increases, 
CH4 experiences more collisions with the cages, which result in the line broadening from 
2-5 meV.  At 190 K both the CH4 rotational and translational lines below 5 meV are 




Figure 6-4. Temperature dependent INS spectra of the CH4 rotational and 
rotation/translation modes at 5, 50, and 190 K for (a) CH4 and (b) CH4-CO2 




As this is the top of the stability temperature boundary, it is possible that CH4 is diffusing 
through the cages and the hydrate lattice is in a metastable state before dissociation.  CH4 
modes in the mixed hydrate in Figure 6-4 b exhibit an immediate decline between 5 and 
50 K because the CH4 concentration in the sample is too low to detect when temperature 
factors dominate scattering strength.  A shift is seen in the smeared water vibrational 
modes from 6-8 meV where they are active at lower energy in the mixed hydrate, 
pointing to more disorder.19 
 
Temperature dependence in the librational lattice modes of CH4, CO2 and mixed CH4-
CO2 hydrates is plotted in Figure 6-5.  In Figure 6-5 a CH4 hydrate exhibits especially 
strong broadening and intensity loss of the librational modes which blend into the lower 
energy water vibrational modes into the 40-70 meV region.  The water molecules at this 
temperature are experiencing rapid wagging motion and approaching full rotation.  This 
distribution of the host lattice near the CH4 hydrate stability temperature shows that the 
cages are very dynamic as the hydrate is approaching dissociation.  The impact of 
temperature is also seen on CH4-CO2 and CO2 hydrate in Figure 6-5 b and c.  These CO2 
containing samples also exhibit temperature effects on the lattice librations but they are 
not as pronounced as the CH4 hydrate.  Evidence of CO2 stabilization is seen at 190 K 
measurement, which is well below the stability temperature for CO2 hydrate at 220 K.  
CO2 hydrate follows the trend of CH4 hydrate where the largest spreading of librational 
modes occurs from 50-190 K, but mixed hydrate sees this change from 5-50 K.  This 
increased disorder is not as intense as the pure samples at high temperature but more 
prominent at 50 K, indicating the smearing in CH4-CO2 hydrate is due to proton disorder 
but not instability. 
Conclusions 
INS measurements of hydrogenous CH4, CO2, and mixed CH4-CO2 hydrates are 
compared at 5, 50, and 190 K to determine the impacts of varying the guest molecule 
composition on the hydrate host lattice and CH4 guests.  CH4 freely rotates in the cages at 
5 K in both CH4 and mixed CH4-CO2 hydrates.  The rotational/translational, or rattling 
modes of CH4 are less structured in the mixed hydrate, indicating that the guest is more 
constrained in the cages when CO2 is present.  At 5 K, the region of CO2 hydrate lattice 
librations occurs at lower energy and with more intensity than mixed and CH4 hydrate, as 
it has a smaller lattice parameter and CO2 interacts strongly with the host lattice.  Mixed 
hydrate also exhibits the impact of CO2 but not as strongly as in the pure composition.  A 
modeled INS spectra of empty hydrate produced from a calculated CH4 hydrate phonon 
density of states is in good agreement with all three samples, affirming that the structures 
are sI hydrate.  The lattice variations, though slight, are impactful on the stability 
temperature of hydrates.  As CH4 hydrate approaches its stability temperature at 190 K, it 
shows large broadening of the lattice librational modes which start to merge with the 
water vibrational modes.  This motion, which leads to dissociation, is not observed in the 
CO2 and mixed hydrate at this temperature.  The addition of CO2 in a hydrate structure, 
even at 50% concentration in the mixed hydrate, increases the stability temperature of 
hydrate.  At low temperatures, the librational modes show sensitivity to the guest 





Figure 6-5. Temperature dependent INS spectra of the lattice librational modes at 5, 
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The impact of guest molecules on the structure and stability in CH4, CO2, and mixed 
CH4-CO2 hydrates was explored with combined experimental and computational 
techniques.  First, structure and molecular motion were investigated with molecular 
dynamics (MD) simulations.  These simulations presented interesting variations in local 
structure and rotational motion among CH4-CO2 guest compositions which motivated 
neutron scattering experiments.  In situ total scattering measurements provided neutron 
pair distribution function (PDF) data which, due to the complex nature of hydrates, 
required an analysis approach that utilized MD and Reverse Monte Carlo (RMC) 
modeling.  While these in situ temperature dependent experiments allow for some 
inferred dynamic analysis, inelastic neutron scattering experiments were performed to 
provide a spectroscopic comparison of the molecular interactions which result from 
varying the CH4-CO2 guest composition.   
Insights from MD simulations 
Classical MD simulations of CH4, CO2, and three intermediate compositions along the 
(CH4)1-x (CO 2)x·5.75(H2O)  solid solution were used to calculate energetic intermolecular 
interactions, radial distribution functions (RDFs), and three-dimensional CH4 and CO2 
density distributions at 10 K.  Intermolecular energy analysis across the CH4-CO2 guest 
composition range found that CO2 has much greater interaction with the hydrate host 
lattice and increases all intermolecular interactions, even in small concentrations.  Cage 
distortion was observed in the RDFs when CO2 was introduced in the system, as CO2 
interacts with the water molecules while CH4 has lesser intermolecular interactions.  
Density distributions of guest molecules in the large and small cages illustrated how they 
prefer to orient.  CH4 in the pure CH4 and mixed hydrates occupies a spherical 
distribution in both cages, consistent with previous experiments.  CO2 in pure CO2 
hydrate was shown to orient in an oblate shape in the large cage and to occupy distinct 
positions in the small cage, also in agreement with previous findings.  In the presences of 
CH4 in mixed hydrate, however, simulations showed that CO2 occupies an additional 
position which has not been previously observed.  These simulations highlighted the 
information that local structure analysis, such as RDFs, can reveal that traditional long-
range crystallographic analysis overlooks.   
 
Since the local structure in 10 K MD simulations revealed that CO2 can orient in new 
positions when it shares the hydrate lattice with CH4, the impact of guest molecule on 
rotational dynamics in CH4, CO2, and mixed CH4-CO2 gas hydrates was investigated.  
The rotational autocorrelation function was calculated for the guest molecules in CH4, 
mixed CH4-CO2, and CO2 hydrates at 10 40, 190, and 270 K.  It was observed that CH4 is 
more constrained in the hydrate cages when CO2 is present, and CO2 gains rotational 
freedom in the mixed hydrate.  Interestingly, CH4 relaxation time decreased with 
temperature due to the growing thermal motions of the enclathrating water molecules.  
The water molecules also had more motion in CO2 and mixed hydrate due to their 
intermolecular interactions with CO2.  This rotational analysis allowed for the 
observation of water molecule rotations at 270 K.  This rotational occurrence has been 
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evidenced in spectroscopic experiments found in literature but is costly to simulate due to 
the long timescale of water reorientations.  The rotational analysis in this work was able 
to achieve observation of early water reorientations in the lattice over shorter time scales.     
Insights from Neutron PDF experiments and analysis 
Neutron PDF experiments were important to this work, as MD simulations revealed local 
structure in CO2 guest molecules that have not been experimentally observed.  In situ 
neutron total scattering experiments were performed on CH4, CO2, and mixed CH4-CO2 
hydrates powders synthesized with D2O.  Data were collected from 2-210 K with 
pressure applied at high temperatures to characterize the impact of CH4-CO2 guest 
composition on intermolecular interactions through local structure analysis.  A 
quantitative analysis was complex for this data because of the high level of disorder, 
multiple species, and hydrogen content.  Classical MD with RMC fitting was used to 
calculate RDFs and density distributions from the experimental data.  Experimental 
results at 10 K were compared with the RDFs and density distributions previously 
calculated from MD.  CO2 local structure was found to be more disordered in mixed 
hydrates, but unlike MD, the host lattice was also more disordered than the pure CH4 and 
CO2 hydrates.  This analysis at 10 K showed that the behavior of mixed gas species 
cannot be interpolated from properties of pure compounds, and PDF measurements 
provide important understanding of how the guest composition impacts overall order in 
the hydrate structure. 
 
Analysis of CH4, CO2, and mixed CH4-CO2 hydrates PDFs measured in situ from 2-210 
K reveals the impact of varying the CH4-CO2 guest composition in the gas hydrate 
structure.  Intermolecular interactions of CH4 and CO2 interactions with the water 
molecules which form the hydrate lattice are characterized by their local structures in the 
hydrate cages.  The impact of the guest molecule compositions and orientations on the 
hydrate host framework from 2 K through hydrate stability temperatures reveals how CO2 
structurally stabilizes the lattice.  Results indicate that when CH4 and CO2 co-occupy the 
hydrate, the host is more strongly distorted than in the pure CH4 and CO2 hydrates, but 
this becomes less defined with increasing temperature.  The presence of CO2 in mixed 
hydrate increases the stability range and creates a barrier for CH4 to completely leave the 
structure.   
Insights from INS studies 
In situ  PDF analysis provides snapshots of structural changes with temperature which 
allow for inferred dynamics, but vibrational spectroscopic experiments of CH4, CO2, and 
mixed CH4-CO2 hydrates with neutrons are invaluable supportive evidence.  Inelastic 
neutron scattering (INS) is highly sensitive to hydrogen and provides a direct 
measurement of the vibrational modes in hydrates.  CH4 is a free rotor in the hydrate 
cages at 5 K, but the CH4 rattling motion appears to be hindered in mixed hydrate, due to 
collisions with a smaller, more distorted cage.  A hydrate framework with CO2 has more 
librational modes than CH4 hydrate, again supporting the distortions seen in the local 
structure.  Additionally, the shift occurs at lower energy, indicating a smaller lattice.  
Near its stability temperature at 190 K, a large broadening of the CH4 hydrate lattice 
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librations indicates large range of motion in the structure leading to dissociation.  The 
lattice librations in CO2 and CH4-CO2 hydrates remain more defined with increasing 
temperature than in CH4 hydrate, indicating that the CO2 interactions with the cages 
increases hydrate stability. 
Impact 
The Ignik Sikumi field test which sought to recover CH4 from natural hydrate deposits in 
Prudhoe Bay, Alaska demonstrated that CH4 did exchange with CO2, but that a full 
exchange did not occur and mixed hydrates formed in the deposit.  This dissertation was 
inspired by two questions: how can the barrier to a complete CH4-CO2 exchange be 
achieved, and what characteristics stabilize CO2 and CH4-CO2 hydrates at higher 
temperature.  Local structure analysis indicates that introducing CO2 into the hydrate 
structure stabilizes the lattice through interactions with the water framework.  Hydrate 
cages are the most distorted in the mixed composition, when CO2 is also neighbored by 
CH4 and vacant cages.  This work shows that the mixed structure, when produced during 
a CH4-CO2 exchange, forms with a more disordered lattice that requires a larger energy 
input to push further exchange.  A process temperature and pressure alteration or helper 
molecules, which are often used in hydrate formation and inhibition, may be investigated 
to overcome this barrier. 
 
Hydrate deposits are dispersed throughout the ocean floor and permafrost, having formed 
when the specific required conditions occur.  As atmospheric and ocean temperatures 
warm, the risk of methane release increases.  CH4-CO2 exchange recovery can, therefore, 
potentially stabilize deposits which are used for CH4.  The goal of the simulations and 
neutron experiments in this work was to analyze how CH4 and CO2 behave in hydrate 
cages, especially in a mixed hydrate.  Natural hydrate deposits have the potential to be a 
high density carbon sequestration medium.  CO2’s strong interactions with hydrate cages 
show that as it prefers to exchange with CH4 in the structure, it also creates a barrier to 
filling all cages with CO2.  
Future Work 
Few PDF experiments have been reported on gas hydrates in the past because the 
required analysis is complex and computationally costly.  To achieve the analysis in this 
work, neutron data treatment was developed to deal with hydrogen, and existing MD and 
RMC software were manipulated.  The result is an analysis method that, though 
imperfect, opens the door to more neutron PDF experiments with gas hydrates. These 
analysis techniques can be used for in situ hydrate formation, and CH4-CO2 exchange.  
Continuing both PDF and INS experiments through high temperatures and observing 
hydrate structure and dynamics during dissociation would also provide valuable 
information.  Through characterizing molecular level structure and interactions, the 
mechanisms of hydrate formation, stability, and dissociation can be better understood and 











SI Table I. Lattice parameters from the Rietveld refinements and hydrate/ice phase 
fractions from the Bragg patters obtained from the total scattering instrument (NOMAD) 
and from high resolution neutron powder diffraction (POWGEN) in previous work. 
Feed gas 
composition 





NOMAD (this work) 
100% CH4 11.830(2) 11.83210(8) 0.10(1) 
50% CH4 50% 
CO2 
11.8244(3) 11.82487(8) 0.21(1) 




SI Table II. Hydrate cage occupancies high resolution neutron powder diffraction 











filled % CH4 CO2 CH4 CO2 CH4 CO2 
100% CH4 0.73(3) - 0.93(5) - 79(4) - 79(4) 
50% CH4 
50% CO2 
0.08(3) 0.77(3) 0.54(4) 0.21(2) 20(3) 63(1) 83(5) 





SI Figure 1. Comparison of mixed CH4-CO2 hydrate PDF data with the ice impurity and 




SI Table III.  Summary of physical constraints applied in the RMC simulations.   
Closest approach pair distances (Å) 
O-O O-D O-C O-H D-D D-C D-H C-C C-H H-H 
2.2 0.85 1.1 2.5 1.2 2.5 2.0 5.0 1.0 1.5 
Maximum distance per move (Å) 
O D C H 
0.05 0.05 0.05 0.05 
Distance window for O-D hydrogen bonded pairs (Å) 







SI Figure 2. Lattice parameters for CH4, CO2, and CH4-CO2 hydrates determined from 
the Rietveld refinements to NOMAD data from 2-210 K, compared with the volumetric 
expansion models by Hansen et. al.2 
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